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Abstract 
Polymer Electrolyte Membrane fuel cells (PEMFC) are clean and efficient electrochemical 
energy  converters  that  can  be  adapted  to  a  wide  range  of  domestic  and  automotive 
applications.  However,  large-scale  commercialisation  is  hindered  by  issues  of  cost  and 
durability relating to the catalyst layer. This work aims to address the need for cheaper and 
durable catalysts through the development of novel catalyst and catalyst support. 
The  initial  aim  of  this  work  is  to  investigate  the  potential  application  of  Pd-based  alloy 
catalyst in PEMFC. Pd is about 42% cheaper than Pt and 50 times more abundant on earth. 
Previous  studies  have  shown  that  there  is  a  correlation  between  electronic  structure  and 
catalytic activity of Pd binary alloys, and therefore it is possible to design a highly efficient 
Pd-based alloy catalyst. In this work, Pd-based catalyst was synthesised and characterized 
electrochemically  in  ex-situ  and  in-situ  configurations  to  determine  their  activity  and 
durability.  It  was  found that Pd-based catalyst  could  potentially  replace Pt  as  a low-cost 
anode catalyst.  
The second part of this work investigated the potential application of graphitic carbon nitride 
materials as catalyst support. Carbon black is the most widely used catalyst support for state-
of-the-art PEMFCs even though it is known to undergo carbon corrosion during operation. 
Graphitic carbon nitride could offer enhanced durability and activity due to their graphitic 
structure and intrinsic catalytic properties. In addition, graphitic carbon nitride is low-cost, 
fairly simple to synthesise and highly tunable. In this work, various graphitic carbon nitride 
materials were prepared and characterised using accelerated carbon corrosion protocol. They 
were  found  to  be  more  electrochemically  stable  compared  to  conventional  carbon  black. 
Superior methanol oxidation activity is also observed for graphitic carbon nitride supported 
Pt catalysts on the basis of the catalyst electrochemical surface area. However further work is 
needed to optimise the deposition and utilisation of metal catalyst on graphitic carbon nitride 
materials. 
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Chapter 1 
1  Introduction 
1.1  Motivation 
The continued exploitation of fossil fuels and the ever growing global energy demand, 
driven  by  economic  and  population  growth,  poses  a  significant  risk  of  irreversible 
climate  change.  Continuous  anthropogenic  greenhouse  gas  emissions  have  raised 
atmospheric CO2 concentrations significantly, with more than half of greenhouse gas 
emissions since the industrial revolution occurring in the last 40  years. Alarmingly, 
annual  greenhouse  gas  emissions  have  increased  by  1.0  gigatonne  carbon  dioxide 
equivalent (GtCO2eq) per year between 2000 and 2010, compared to 0.4 GtCO2eq per 
year between 1970 and 2000. If the current trend continues, global surface temperature 
is predicted to increase to 3.7 - 4.8 °C above pre-industrial level in 2100, which is 
considerably above the dangerous level at which impacts of extreme climate change can 
be felt (~2°C).
1 
As the demand for energy continues to grow, viable fossil fuel reserves are declining. In 
the UK, 90% of its energy requirements depends on fossil fuels and the energy demand 
is projected to increase, with the transportation sector seeing the fastest growth.
2, 3 The 
continuing reliance on fossil fuels threatens the energy security of many nations. In 
order to meet total energy demands, controversial exploitation of non-ideal fossil fuel 
deposits in sensitive areas become necessary, resulting in an increase in financial and 
environmental costs in exploration and extraction activities.  
Temperature change caused by anthropogenic greenhouse gas emissions can be kept to 
below 2°C relative to the pre-industrial level if the atmospheric CO2 concentration level 
does  not  exceed  450  ppm  by  2100.  For  comparison,  current  atmospheric  CO2 
concentration is estimated to be about 430 ppm. Therefore, mitigating the effects of 
climate  change  is  crucial  now  more  than  ever.  By  2050,  a  40  –  70%  reduction  in 
greenhouse gas emissions is necessary and by 2100 there should be zero or near zero  
2 
 
emission.
1  To  achieve  such  dramatic  emissions  reductions,  rapid  improvements  in 
energy  efficiency  and  the  adoption  of  zero-  and  low-carbon  energy  supply  from 
renewables are necessary. Among the available low-carbon technologies, the polymer 
electrolyte  membrane  fuel  cell  (PEMFC)  seems  to  be  the  most  feasible  solution, 
especially for portable and transportation applications. 
1.2  Fuel cells 
A fuel cell is a device that converts the chemical energy of a fuel into electrical energy 
via electrochemical reactions, just like a battery. However, unlike batteries, it does not 
get discharged, but generates electricity as long as the reactants - fuel and oxidant - are 
supplied. The first reference to a fuel cell can be attributed to William Grove in 1839, 
where he demonstrated that the gases (hydrogen and oxygen) evolved by electrolysis at 
platinum electrodes, which were immersed in dilute sulphuric acid, could be consumed 
at the same electrodes, producing electrical current.
4 
Generally, a fuel cell consists of two electrodes (anode and cathode) separated by an 
electrolyte, which varies depending on the system. A fuel, usually hydrogen, but other 
forms of hydrocarbons such as methanol can also be used, is oxidised at the anode 
producing positively charged ions and negatively charged electrons. Electrons liberated 
from the anode flow through an external electrical circuit to the cathode, whilst the 
positively charged ions move through the electrolyte to the cathode, completing the 
circuit. At the cathode, the ions and electrons react with oxygen or another oxidising 
agent, producing water. 
Fuel cells combine many of the advantages of both conventional engines and batteries, 
making it a very promising technology. Some of the advantages include: 
  Low or zero greenhouse emission. Even though hydrogen is not readily available 
in its pure molecular state, advances in technology means it can be produced 
using  renewable  sources  such  as  electrolysers,  powered  by  wind  turbines  or 
solar photovoltaics. A fuel cell operating on hydrogen generates zero emissions 
at point of use and the only by-product is water.  
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  High efficiency. Fuel cells are generally more efficient than internal combustion 
engines (ICE) and not limited by the Carnot cycle efficiency, especially at low 
temperature. This is explained further in Section 1.5. 
  No moving parts. This may result in highly reliable and long-lasting systems. 
  Modular.  Fuel  cells  are  modular  and  this  allows  easy  independent  scaling 
between  powers.  Conventional  batteries  cannot  be  used  for  large  scale 
applications while fuel cell applications vary from the 1 W range, such as for 
mobile phones, all the way up to the megawatt range (power plants). 
  Easy refuelling. Batteries must be thrown away or recharged, while fuel cells 
can be quickly refuelled. 
1.3  Types of fuel cells 
In 1939, Francis Thomas Bacon successfully developed a 5 kW stationary fuel cell.
5, 6 
In the early 1960s, Thomas Grubb and Leonard Niedrach at General Electric Company 
(GE)  invented  the  ionomer  membrane  technology  which  is  now  used  as  fuel  cell 
electrolyte. GE went on to develop this technology with the National Aeronautics and 
Space Administration (NASA) and McDonnell Aircraft, leading to the first commercial 
use of fuel cells.
7 Since then, interest in fuel cells has increased dramatically which lead 
to  several  breakthroughs,  making  fuel  cell  technology  more  feasible  for  wider 
applications. Currently there are 5 major types of fuel cells, which are classified by the 
type of electrolyte they use, as shown in Table 1.1 below. 
Table 1.1: Major types of fuel cells 
Fuel Cell Name  Fuel  Electrolyte 
Charge Carriers 
Operating 
Temperature (°C) 
Alkaline fuel cell (AFC)  Hydrogen  KOH solution 
OH
- 
<80°C 
Polymer electrolyte 
membrane fuel cell 
(PEMFC) 
Hydrogen/ 
hydrocarbons 
Polymer membrane 
H
+ 
<150°C 
Phosphoric acid fuel cell 
(PAFC) 
Hydrogen  Phosphoric acid 
H
+ 
200°C  
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Molten carbonate fuel cell 
(MCFC) 
Hydrocarbons  Molten carbonate 
CO3
2- 
650 - 800°C 
Solid oxide fuel cell 
(SOFC) 
Hydrocarbons  Ceramic 
O2
- 
500 - 1000°C 
 
Variants of the PEMFC which employs liquid hydrocarbons as fuels such as methanol, 
ethanol and formic acid are sometimes categorised as separate types of fuel cells: direct 
methanol fuel cell (DMFC), direct ethanol fuel cell (DEFC) and direct formic acid fuel 
cell (DFAFC). Alternative  types of fuel cells continue to be developed,  for example 
microbial fuel cells and solid acid fuel cells. 
1.4  Introduction to PEMFC 
The  PEMFC  employs  a  proton  conducting  polymeric  membrane  as  its  electrolyte, 
which separates the anode and cathode sides, as shown in Figure 1.1. The membrane, 
catalyst layers and the gas diffusion layers (GDL) are collectively called the membrane 
electrode assembly (MEA).  
 
Figure 1.1: Basic operation of a typical PEMFC 
At the anode catalyst layer, hydrogen is electrochemically oxidised into protons and 
electrons in a reaction called hydrogen oxidation reaction (HOR):  
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  H2     2H
+  + 2e-  E° = 0 V  ( 1.1 ) 
  The protons are conducted through the membrane to the cathode, whereas the electrons 
are forced to travel in an external circuit to the cathode, because the membr ane is 
electrically insulating. 
At the cathode catalyst layer, the electrons react with oxygen and electrons in a reaction 
called oxygen reduction reaction (ORR): 
  O2  +  4e
-  + 4H
+    2H2O         E° = 1.23 V  ( 1.2 ) 
  The overall reaction produces water and heat as by-products: 
  H2  +   
1
2O2    H2O           E°cell = 1.23 V  ( 1.3 ) 
)  In the case of direct alcohol fuel cells, e.g., DMFC, the anode is supplied with a di luted 
methanol aqueous solution: 
  CH3OH  +  H2O    6H
+  + CO2  +  
6e 
E° = 0.02 V  ( 1.4 ) 
  The overall methanol oxidation electrochemical reaction: 
  2CH3OH  +  3O2    4H2O  +  2CO2 
+  6e 
E°cell = 1.21 V  ( 1.5 ) 
  Both anodic and cathodic reactions require active catalyst, which occur at the interfacial 
area where the catalyst, gas and electrolyte meet. This interfacial area is called the triple 
phase boundary (TPB). The reactions are finite and depend on the intrinsic property and 
degree of utilisation of the catalyst materials. 
1.5  Thermodynamics 
The fuel cell is an energy conversion device and therefore its conversion efficiency is 
important. The enthalpy change (∆?) corresponding to reaction ( 1.3) is -286 kJ mol
-1, 
where  one  mole  of  H2  reacts  with  O2
 to  form  liquid  water  at  298  K  and  standard  
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atmospheric pressure. Therefore the thermal cell potential (??) in accordance with ∆? is 
given by: 
  ∆? = ???? 
1.48 V 
 
   
)    ?? = 1.48 ?    ( 1.6 ) 
   
Where n is the number of electrons and F is Faraday’s constant, equal to 96485 C.mol
-1. 
The maximum energy available for conversion to electrical work is given by the Gibbs 
free energy change for the overall reaction, determined by the difference in the energy 
of formation between reactants and products. For the reaction of H2 and O2 to liquid 
water,  the  standard  Gibbs  free  energy  change  at  298  K  and  standard  atmospheric 
pressure is given by: 
∆?∅ = ??,????????
∅ − ??,??𝑎??𝑎???
∅  
  ∆?∅ = ??,𝐻2?
∅ − ??,𝐻2
∅ − ??,?2
∅ = −237.2 − 0 − 0 = −237 ?? ∙ ???−1  
 
(1.7) 
) 
 
 
Therefore, out of -286 kJ mol
-1 of available energy, only -237 kJ.mol
-1 can be converted 
into  electrical  energy,  which  corresponds  to  a  calculated  value  of  ?∅  =  1.23  V 
(reversible potential under standard conditions). 
The Gibbs free energy change is a function of temperature and reactant concentrations 
or partial pressures according to: 
 
∆? = ∆?∅ + ????(
?𝐻2?
?𝐻2??2
1/2)
 
 
( 1.8 ) 
 
In a reversible electrochemical system where available Gibbs free energy is converted to 
electrical energy, the free energy change can be described by the equation:  
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  ∆? = −??????    ( 1.9 ) 
) 
) 
) 
Substituting equation ( 1.9) into ( 1.8) gives: 
 
???? = ?∅ +
??
??
??(
?𝐻2?
?𝐻2??2
1/2)
 
 
( 1.10 ) 
 
Where ???? is the Nernst equation and relates to the open circuit voltage (OCV) of a 
fuel  cell  to  the  temperature  and  concentrations  partial  pressures  of  reactants  and 
products.  Therefore,  theoretically,  a  fuel  cell  operating  on  hydrogen  and  oxygen  at 
atmospheric pressure and 80°C gives an Erev of 1.18 V 
The  maximum  theoretical  efficiency  (𝜖?𝑎? )  of  a  fuel  cell  operating  at  standard 
conditions is given by the ratio of the Gibbs free energy to the enthalpy change of the 
overall reaction: 
 
𝜖?𝑎? =
∆?∅
∆?
=
237 ?? ∙ ???−1
286 ?? ∙ ???−1 = 83% 
  ( 1.11 ) 
) 
) 
) 
As ∆?∅ is  temperature  dependant,  the 𝜖?𝑎?  decreases  with  increasing  temperature. 
Below 700°C, the 𝜖?𝑎?of an H2/O2 fuel cell is higher than the theoretical efficiency of 
an ideal Carnot heat engine (ICE). In practice, ICE suffers from further irreversible 
losses  from  friction,  heat  transfer,  inefficient  combustion  and  various  other  factors 
resulting  in  a  typical  efficiency  of  around  20  –  25%.  Therefore  between  the  two 
technologies, fuel cell remains the more efficient device. 
1.6  Fuel cell polarisation curves 
According to the thermodynamic analysis above, a fuel cell operating on hydrogen and 
oxygen at 80°C would supply current continuously while maintaining a constant voltage 
of 1.18 V (????) . In practice, the actual voltage is lower than this due to irreversible 
losses, as shown on the voltage-current (V-I) response of the cell in Figure 1.2, also 
known as a polarisation curve.  
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Figure  1.2:  A  typical  PEMFC  polarisation  curve  showing  the  various  irreversible  voltage 
losses. 
1.6.1  Mixed-potential losses 
The OCV of the PEMFC is typically around 1.0 V, which is lower than the theoretical 
fuel cell voltage. Even when no current is drawn, there is an irreversible voltage loss 
due to secondary reactions at the cathode: 
1.  Mixed potential. O2 undergoes reversible adsorption at the surface of the Pt 
catalyst: 
 
Pt  +  H2O         PtO  + 2H
+  + 2e
-  ?∅ = 0.88 ? vs RHE  ( 1.12 ) 
  2.  Fuel crossover. H2 may permeate across the membrane to the cathode, where it 
can be directly oxidised by O2, resulting in mixed cathode potential. In addition, 
the reaction also produces peroxide radicals which damage the membrane and 
reduce the triple phase boundary in the catalyst layer. 
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1.6.2  Activation overpotential 
Activation  overpotential  arises  from  the  limitations  on  the  rate  of  electrochemical 
reactions taking place at the catalyst layers. Generally, much of the activation loss is 
caused by the sluggish ORR at the cathode; however, activation overpotential at the 
anode is equally important when using fuels other than pure hydrogen.  
All electrochemical reactions involve the transfer of electrons between the electrode 
material and the reactants. Therefore, the rate of reaction on the electrode surface can be 
measured by the electrical current flowing to or from the electrode. Consider a single 
step redox reaction involving n electrons occurring at an electrode: 
  ? + ??−1 ⇔  ? 
 
  ( 1.13 ) 
) 
) 
In the forward direction, electrons are transferred from the electrode to the reactant, 
producing cathodic current ??. In the reverse reaction, electrons are transferred from the 
reactant to the electrode, producing anodic current ?𝑎. The total current (??) flowing at 
an electrode determined purely by the kinetics of reaction is given by the sum of the 
cathodic and anodic currents: 
  ?? = ?𝑎 − ??    ( 1.14 ) 
) 
) 
Similarly, when the current is normalised to the electrochemical surface area (ECSA) of 
the electrode, the equation above becomes: 
  ?? = ?𝑎 − ??    ( 1.15 ) 
) 
) 
where ? (A.cm
-2) = ? (A) / AECSA (cm
2). 
When no net current is flowing to or from the electrode, the rate of anodic and cathodic 
reactions is equal and equilibrium is reached: 
  ?𝑎 = ?? = ?0    ( 1.16 ) 
) 
)  
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where ?0 is the exchange current density, which is an intrinsic property of the electrode 
material and is a measure of how rapid an electrochemical reaction can occur. 
The cell voltage is determined by the Nernst equation described above  ( 1.10). The 
equilibrium can be shifted by changing the potential so that it becomes polarised either 
more positive or more negative than the reversible potential. This will generate current 
as the reaction proceeds to re-establish the equilibrium concentrations of O and R. The 
magnitude of the net current depends on the amount by which the applied potential 
deviates  from  the  equilibrium  potential.  This  applied  potential  is  also  known  as 
overpotential (𝜂): 
  𝜂 = ? − ????    ( 1.17 ) 
) 
) 
The relationship between current density and overpotential can be  described by the 
classic Butler-Volmer equation: 
where the  terms 𝗼𝑎 and 𝗼? are  the  transfer  coefficients  for  the  anodic  and  cathodic 
reactions respectively, and represent the fraction of additional energy (or overpotential) 
that goes  towards the rate determining steps of the reactions. Typically, 𝗼𝑎 + 𝗼𝑎 =
1, so equation ( 1.18) becomes: 
with 0 < 𝗼 < 1. The anodic and cathodic current density can be expressed as: 
 
? = ?0 (???[
𝗼𝑎??
??
𝜂] − ???[
−𝗼𝑎??
??
𝜂]) 
  ( 1.18 ) 
 
? = ?0(???[
𝗼??
??
𝜂] − ???[
−(1 − 𝗼)??
??
𝜂]) 
  ( 1.19 ) 
 
?𝑎 = ?0(???[
𝗼??
??
𝜂]) 
  ( 1.20 ) 
 
?? = −?0(???[
−(1 − 𝗼)??
??
𝜂]) 
  ( 1.21 )  
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where the exponential term represent the rate of forward and reverse reactions. The net 
overall current response is illustrated in Figure 1.3. By applying a suitable overpotential 
𝜂, anodic and cathodic current can be altered. The graph also shows the effect of the 
exchange  current  density  on  the  polarisation  curve.  For  a  small  exchange  current 
density,  the  reaction  is  slow  and  requires  a  higher  overpotential  to  reach  the  same 
current as the reaction with a large exchange current density. This is the basis for the 
activation losses in the PEMFC – the lower the activity of the electrocatalysts, the lower 
the net current achieved at a specified voltage. 
 
Figure  1.3:  Theoretical  polarisation  curves  according  to  the  Butler-Volmer  equation  with 
α=0.5  for  two  exchange  current  densities:  (a)  j0  =  10
-9A  cm
-2  and  (b)  j0  =  10
-6  A  cm
-2. 
Reproduced from reference 5 and 6.
8, 9 
At  high  overpotentials  (|𝜂| ≥ 50??),  the  rate  of  one  of  the  reactions  becomes 
negligible with respect to the other and the equation reduces to: 
Equation ( 1.22 ) can be simplified to a linear form of ? = ? + ??  by conversion to 
base 10 logarithms, which gives the Tafel equation: 
 
? = ?0???(
−𝗼??𝜂
??
) 
  ( 1.22 )  
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A Tafel plot of 𝜂 versus log|??| gives a linear line with ? =
𝗼??
2.303?𝑇 corresponding to the 
Tafel  slope  and ? = log  (?0) corresponding  to  the  intercept  at 𝜂 = 0.  From  this,  the 
parameters ?0, 𝗼 and ? can be determined. 
1.6.3  Ohmic overpotential 
Ohmic  loss  is  caused  by  the  bulk  electrical  resistance  of  cell  materials,  contact 
resistances at interfaces between components, and the ionic resistance of the electrolyte 
membrane and catalyst layers. The voltage drop is described by Ohm's Law: 
where ?Ω is the total internal resistance. This voltage drop caused the distinctive linear 
drop in the middle of the polarisation curve. In fuel cell systems, the resistance comes 
primarily from the electrolyte. 
1.6.4  Concentration overpotential 
The reactant concentration at the catalyst surface depends on the current density – the 
higher the current density, the lower the surface reactant concentration. At very high 
current  densities  (typically  above  1  A.cm
-2  in  modern  PEMFC),  the  reactant  is 
consumed faster than it can be replenished, causing the sharp final decline in fuel cell 
voltage on the polarisation curve. 
1.7  Commercialisation barriers 
Despite the recent advances in PEMFC technology and successful commercialisation in 
certain specialised markets, mass-market applications in the automotive sector are yet to 
be realised. Mass-market commercialisation of PEMFC and hydrogen economy goes 
hand-in-hand,  with  both  depending  on  market  confidence  and  demand.  Although 
hydrogen can be derived from a diverse range of clean technologies and renewables, the 
cost is still a major barrier. Distribution and storage of hydrogen in large volume is also 
 
log(??) = log(?0) −
𝗼??
2.303??
𝜂 
  ( 1.23 ) 
  −Δ? = Δ??Ω 
 
  ( 1.24 )  
13 
 
a significant challenge and huge investments (trillions of dollars) are needed to build the 
necessary  infrastructure.  Hence,  the  hydrogen  economy  will  not  take  off  until 
significant market in the fuel cell technology is achieved. The transition will take many 
years and is likely to occur in stages. Therefore, PEMFC technology needs to be reliable 
enough to initiate market confidence and demand.  
To guarantee commercial viability, PEMFC cost and durability must be on par with 
conventional ICEs. As of August 2011, automotive ICEs cost between $25-35 kW
-1 
with  operational  lifetimes  in  excess  of  5000  hours.  For  comparison,  the  cost  and 
durability status of PEMFC system, as well as targets specified by the US Department 
of Energy (DOE),
10-12 are summarised in Table 1.2: 
Table  1.2:  Status  and  targets  for  PEMFC  performance  based  on  80  kW  direct  hydrogen 
integrated  PEMFC  system  suitable  for  automotive  applications  as  reported  by  the  US 
Department of Energy.
10-12 
aDurability based on 10% voltage degradation in a DOE automotive 
drive cycles. 
bDurability based on laboratory testing and did not take into account catalyst 
degradation. 
  Status  Target 
2007  2010  2013  2020  2050 
Stack cost ($/kW)  50  25  27  15  - 
System cost ($/kW)  94  51  55  40  30 
Durability (hours)
a  2000
b  6500
b  2500  5000  5000 
 
As shown above, PEMFC technology is twice as expensive with only half the durability 
compared to a modern ICE vehicle. For that reason, a significant cost reduction and 
improvements in durability is needed to compete with ICE and incentivise the hydrogen 
economy.  
1.7.1  Cost and durability 
According to  the  DOE cost  analysis  report,  which looks at  the breakdown of stack 
component cost in a high-volume manufacturing scenario (Figure 1.4),
10 the catalyst is 
the single largest contributor to the cost of PEMFC stacks. Catalyst (primarily Pt) is  
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dominated by commodity cost, whereas the rest of the components’ cost come from 
manufacturing, which are volume-sensitive. Thus, an increase in volume from 1000 to 
500,000 systems increases the catalyst cost elements from 16% to 49% of the total 
system cost. Therefore, the highest potential for cost reduction lies in the optimisation 
of the catalyst component of PEMFC. 
 
Figure 1.4. Breakdown of fuel cell stack cost based on projected scale-up of 1000 and 500,000 
systems per year. Reproduced from reference 7.
10 
Modern ICE vehicles use platinum group metals (PGMs) in their catalytic converters 
and therefore the incorporation of these materials into mass-market PEMFC products 
should not be a barrier. According to the DOE,  platinum loadings on PEMFC have 
reduced by more than 80% since 2005 and this trend is expected to continue, albeit at a 
slower rate.
10  
However,  at  present,  a  modern  fuel  cell  vehicle  contains  4  to  5  times  more  PGM 
catalysts than an equivalent ICE vehicle.
13 If PEMFCs were to be widely used, it is very 
likely that the demand and price of Pt would increase significantly. In addition, the 
PEMFC is subjected to mechanical and chemical degradation, especially in automotive 
and portable applications, which usually have demanding start/stop cycles. The MEA 
presents the most challenging degradation issue affecting the long-term durability of 
PEMFC due to harsh operating conditions, such as fuel impurities, high humidity, low 
pH,  elevated  temperature,  and  dynamic  loads  in  combination  with  an  oxidizing  or 
reducing environment. 
22%
11%
49%
5%
6%
7%
500,000 Systems/Year
Bipolar plates
Membranes
Catalyst
GDLs
MEA frames/gaskets
Balance of stack
14%
32%
16%
18%
10%
10%
1000 Systems/Year 
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Thus,  to  secure  the  viability  of  PEMFC  technology  in  automotive  applications, 
reductions in Pt loading or the use of cheaper materials, as well as improvement in 
durability are necessary. 
1.8  Aims 
This study focuses on developing alternative electrode materials for the PEMFC, with 
an aim to reduce catalyst cost and improve its durability.  
Chapter 2 provides an overview of PEMFC catalysts layers and related issues, as well as 
the motivation behind the materials studied in this work. The use of low-cost, PdIr alloy 
as HOR anode catalyst is proposed. In addition, the use of graphitic carbon nitride as a 
low-cost and durable catalyst support for PEMFC is introduced. 
Chapter 3 describes the methodology used in this work, including both in-situ and ex-
situ  electrochemical  characterisation  techniques.  An  overview  of  catalyst  layer 
durability studies is provided. 
Chapter  4  and  5  present  the  work  on  1:1  PdIr  as  a  low-cost,  non-platinum  anode 
electrocatalyst for PEMFCs. The catalyst was characterised in rotating disc-electrode 
configuration as well as in a real PEMFC. The durability and CO tolerance were also 
investigated.  
Chapter 6 presents the characterisation of graphitic carbon nitride as a catalyst support. 
First, the durability of the material was studied in comparison to a conventional catalyst 
support. Platinum was then deposited on graphitic carbon nitride and the material was 
fully characterised via physical and electrochemical techniques. Chapter 7 presents the 
results on modified graphitic carbon nitrides as alternative catalyst supports. 
Finally,  the  overall  conclusions  and  directions  for  future  work  are  highlighted  in 
Chapter 8. 
    
16 
 
Chapter 2 
2  PEMFC Catalyst Layers 
Ever since the first application of proton exchange membranes in fuel cells and the 
successful deposition of Pt catalyst onto the membrane in the 1960s, a lot of research 
has gone into improving the performance and reducing PGM catalyst loading.
14-19 The 
first PEMFCs utilised finely-divided Pt black, with particle size of 50 – 100 nm and 
physical surface area of around 10 m
2g
-1, which requires a loading of at least 4 mgPt.cm
-
2 to achieve decent performance. Subsequently, carbon supported electrocatalysts were 
introduced, which consists of smaller metal nanoparticles (< 10 nm) dispersed on high 
surface  area  carbon  black  (200  –  1000  m
2g
-1),  allowing  excellent  dispersions  of  Pt 
nanoparticles  and  decreasing  the  loadings.  The  incorporation  of  proton-conducting 
ionomer  within  the  catalyst  layer  further  improved  the  utilisation  of  the  catalyst, 
extending the triple phase boundary and converting more of the physical surfaced area 
to be electrochemically active.  
This chapter provides an overview of the fundamental aspects of the electrochemical 
reactions happening at the anode (HOR or MOR) and cathode (ORR) catalyst layer in 
PEMFC. A review on the major durability issues affecting PEMFC catalyst layer is also 
presented, including the approaches used to address them. 
2.1  Anode catalyst layers 
In PEMFC catalysis, most research has been focused on cathode catalysts development 
because  the  activation  overpotential  is  mainly  caused  by  the  slow  ORR  kinetics. 
However, in some cases the HOR can also contribute to the activation overpotential, 
especially if there are impurities in the fuel. There are also issues with durability that is 
often overlooked.  
The HOR may occur through a combination of several of the following steps: 
1.  Adsorption step - hydrogen molecule adsorbs on the electrode surface to form 
surface species (?2,𝑎?):  
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  ?2 →  ?2,??? → ?2,𝑎?    ( 2.1 ) 
) 
) 
2.  The adsorbed hydrogen forms adsorbed H atoms (?𝑎?) through Tafel-Volmer or 
Heyrovsky-Volmer route: 
Tafel  ?2,𝑎? → 2?𝑎? 
?𝑎? → ?+ + ?− 
( 2.2 ) 
)  Volmer  ( 2.3 ) 
) 
) 
Heyrovsky  ?2,𝑎? → ?𝑎?.?2? + ?− → ?𝑎? + ?2? + ?− 
 
( 2.4 ) 
)  3.  Desorption step – the products desorbed and transported into the electrolytes and 
the  rate  of  reaction  is  controlled  by  a  rate-determining  step  (rds)  which  is 
sufficiently slow compared to the others. The rds step mechanisms have been 
identified as: 
Volmer (rds) -  Tafel:  ?2 → 2?𝑎?,?𝑎? → ?+ + ?−(???)  ( 2.5 ) 
)  Volmer - Tafel (rds):   ?2 → 2?𝑎?(???),?𝑎? → ?+ + ?− 
 
( 2.6 ) 
 
) 
Volmer (rds) - Heyrovsky  ?2,𝑎? → ?𝑎?.?+ + ?− → ?𝑎? + ?+ + ?−(rds)  ( 2.7 ) 
 
) 
Volmer - Heyrovsky (rds)  ?2,𝑎?(???) → ?𝑎?.?+ + ?− → ?𝑎? + ?+ + ?− 
 
( 2.8 ) 
 
 
) 
Currently  Pt  is  the  most  active  catalyst  for  the  HOR  and   has  been  studied  very 
extensively.
20 However, there is a lack of consensus in the literature concerning the 
values of the exchange current density. In a study looking at reducing Pt loading at the 
anode, it was found that a considerable amount of Pt could be reduced without affecting 
the  voltage,  which  is  contradictory  to  the  kinetic  data  obtained  from  rotating  disc-
electrode (RDE) experiments.
21 The authors found that the exchange current density 
obtained from the RDE experiments is 'too small' by at least a factor of 20. Further 
study shows that the HOR kinetics in acid much faster than the hydrogen diffusion to 
the surface of the electrode.
22 Using a novel approach, Chen and Kucernak investigated 
the hydrogen oxidation  electrochemical reaction using a single Pt  microparticle and 
found that j0 = 20 mA cm
-2, which is in agreement with the value estimated from a real  
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fuel cell environment.
23 They estimated that the mass transport coefficient is about 10 
cm s
-1 and in order to achieve the same mass transport rate, the rotation speed on the 
RDE would have to be 4.6 × 10
8 rpm, which is technically not feasible. This study has 
led to renewed interest to the kinetic measurements of the HOR and challenged many 
previous conclusions on the structural sensitivity of the HOR as well as its particle size 
effect.
24 
At  present,  the  lowest  Pt  catalyst  loading  achieved  without  compromising  the 
performance is 0.15 mgPt.cm
-2.
10 Despite this breakthrough, cheaper catalyst materials 
with  better  durability  are  needed  to  kick-start  PEMFC  commercialisation  and  the 
hydrogen economy, as discussed in Section 1.7. Figure 2.1 shows that platinum and 
platinum group metals are situated at the top of the HOR/HER ‘volcano plot’, indicating 
that  they  have  the  highest  catalytic  activity.  The  volcano  plot  is  a  useful  tool  for 
establishing and predicting reactivity trends, plotted as exchange current density versus 
the enthalpy of hydrogen or oxygen adsorption. The shape of the plot is based on the 
Sabatier  principle  which  states  that  a  heterogeneous  catalyst  must  bind  reaction 
intermediates with sufficient strength to facilitate electron transfer, but weakly enough 
to allow reaction products to desorb from the surface and free-up active sites for further 
reaction.
25,  26  To  obtain  the  highest  catalytic  activity,  an  intermediate  value  in  the 
enthalpy  of  hydrogen  adsorption  is  required  so  that  the  adsorption  and  desorption 
kinetics do not limit the overall reaction.  Platinum and platinum group metals have 
intermediate  values  of  hydrogen  adsorption  enthalpy  and  therefore,  are  the  most 
efficient HOR catalyst among the transition metals.  
19 
 
 
Figure 2.1: A plot of log j0 versus metal-hydrogen bond energy for various metal catalysts, 
showing the volcano-like dependency.
27 
Another useful theory to predict trend reactivity among transition metals and alloys is 
the  d-band  model,  which  was  developed  by  Hammer  and  Nørskov.
28-30  The  d-band 
model describes the bond formation at a transition metal surface, as illustrated in Figure 
2.2. A transition metal surface has a continuum of energy levels with electrons filling 
the  states  from  the  bottom  upwards  and  the  Fermi  level  is  the  highest  occupied 
electronic level. The valence states of transition metal surface can be divided into s and 
d states. An adsorbate valence states couple to the metal s-states first, leading to a shift 
and broadening of the adsorbate states, and then to the metal d-states. This gives rise to 
the  formation  of  separate  bonding  and  anti-bonding  states,  with  the  strength  of  the 
bonding depending on the filling of the anti-bonding states. Unfilled anti-bonding states 
will result in a strong bond, and vice versa.  
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Figure 2.2: Schematic illustration of the formation of a chemical bond between an adsorbate 
and the s and d states of a transition metal.
28, 29 
Unlike  a  molecule  where  the  occupancy  of  the  anti-bonding  states  depends  on  the 
number of electrons in the system, the occupancy of the anti-bonding states on a metal 
surface depends only on the energy of these states relative to the Fermi level. The anti-
bonding states are always above the d-states and the energy of the d-states relative to the 
Fermi  level  varies  substantially  between  the  different  transition  metals.  Therefore, 
energy of the d-states, i.e., the d-band centre, relative to the Fermi level is a good first 
indicator of the bond strength. The higher the d-band centre, the higher in energy the 
anti-bonding states are and the stronger the bond. 
Based on this theory, it is possible to fine tune the d-band centre of a metal i.e., surface 
electronic structure, by alloying it with another metal. Recently, Yoo and Sung showed 
that Pd-Ir alloy could be a very good candidate for HOR anode catalyst, with activity 
comparable to that of Pt.
31 The group fabricated PdIr thin film electrodes with various 
compositions  (0,  24%,  59%,  and  87%  Pd)  using  Radio-Frequency  magnetron  co-
sputtering method and investigated their HOR kinetics using the RDE at 273 K. They 
found  that  PdIr  HOR  activity  showed  a  volcano-type  dependence  on  the  d-band 
vacancy,  which  is  determined  by  the  alloy  compositions.  In  other  words,  the  HOR 
activity depends on the strength of the PdIr-H bond interaction, which correlates to the 
position of the PdIr d-band centre in relation to the Fermi level. If the d-band vacancy is 
too big, the HOR activity decreases due to strong PdIr-H bond. It was found that the  
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Tafel plot and exchange current density increases in the order of Pd59Ir41 > Pd24Ir59 > 
Pd0Ir100 > Pd87Ir13. This reveals a ‘volcano-like’ trend between the activity and ratio of 
Pd  to  Ir,  indicating  that  electronic  structure  may  play  a  role  in  the  electrocatalytic 
reaction.  
Using high-resolution photoelectron spectroscopy (HR-XPS), the authors found a linear 
relationship  between the  d-band centre of the catalyst  and the percentage of Pd, as 
shown in  Figure  2.3. As  mentioned above,  H2  adsorption  or desorption is  the  rate-
determining step in the HOR. Pd83Ir17 lies at the high end of the d-band centre, which 
means it binds to hydrogen strongly, whereas Pd0Ir100 lies at the other end of the d-band 
centre, whereby it binds to hydrogen weakly. Both situations lead to higher H-H bond 
dissociation/association energy, which renders HOR to be less active. Pd59Ir41 lies close 
to  the  middle  of  the  d-band  centre  and  thereby  a  balance  between  H-H  bond 
dissociation/association energy is achieved, which leads to a high HOR activity. 
 
Figure 2.3: (a) Linear relationship between the d-band centre and the percentage of Pd, and (b) 
HOR  exchange  current  density  on  PdIr  electrode  as  a  function  of  d-band  centres  and 
percentage of Pd.
31  
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Given the linear relationship between the d-band centre and the percentage of Pd, a 
Pd50Ir50 alloy catalyst is predicted to have an optimum d-band centre and a maximum 
HOR activity. Many experimental studies can be found in the literature using Pd as a 
co-catalyst for HOR, but little work has been done on Ir.
32-34 Both Pd and Ir are about 
42% and 59% of the cost of Pt, respectively.
35 PdIr HOR activity for alkaline fuel cells 
is reported to be similar to that of pure Pt.
36 PdIr catalyst was also reported to have high 
electrocatalytic activity for ethanol oxidation in acidic medium.
37 
2.1.1  Anode catalyst layer degradation 
During fuel cell operation, one or more cells in the stack may fail. Failed cells are 
unable to produce the required current, but voltage produced in other cells will still be 
imposed on the failed cells. Such an incident can result in voltage reversal and may 
reduce the power output from the system and irreversibly damage the MEAs, flow field 
plates  and  any  stack  hardware  in  electrical  contact  with  the  plates.
38  It  has  been 
observed in stacks with both serial and parallel cells and is a major durability issue. 
Voltage reversal can also be caused by fuel starvation at the anode. This can happen 
when there is a sudden change in fuel demand at start-stop, pressure-drop variations 
between the cells and poor water management. Figure 2.4 shows the changes in the 
anode  and  cathode  potential  during  a  voltage  reversal  experiment.  When  there  is 
insufficient supply of fuel at the anode, the voltage (as indicated by line a) will rise to 
that required to oxidise water in order to sustain the stack current and the cell voltage 
drops  sharply.  Such  high  potentials  at  the  anode  will  lead  to  carbon  corrosion  and 
dissolution  of  metal,  resulting  in  anode  catalyst  layer  degradation.  Furthermore,  the 
dissolved  metal  may  be  transferred  from  anode  to  cathode  through  the  membrane, 
resulting in contamination and reduced catalytic activity at the cathode.  
23 
 
 
Figure  2.4:  Time-dependent  changes  in  the  anode  and  cathode  potential  during  a  voltage 
reversal experiment.
39 
  
Figure  2.5:  Allowable  accumulated  time  during  a  voltage  reversal  experiment  for  a  Pt/C 
catalyst at a carbon loading of 0.2 mg cm
-2 based on two scenarios: (a) 10% of the cell current 
is supplied by anode carbon corrosion, and (b) 100% of the cell current is supplied by anode 
carbon corrosion. Note: red arrows added as guidance. 
40  
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The extent of degradation on anode catalyst layer as a result of carbon corrosion is 
significant, which is often overlooked. A fuel cell operating at 0.2 A cm
-2 would only 
last for 100 s if 10 % of the current is supplied by carbon oxidation, as highlighted by 
the arrows in Figure 2.5. In the case of 100% current supplied by carbon oxidation, the 
fuel cell would only last for 100 s.
40  
Although voltage reversal could be prevented by advanced control strategies, imperfect 
system  control  could  lead  to  extensive  damage  on  the  anode  catalyst  layer.  The 
mitigation of the anode degradation from cell reversal could be achieved by developing 
stable anode electrode structure such as the use of corrosion-resistant support materials 
and/or the use of an additional oxygen evolution catalyst in the anode.
38 
2.1.1.1  CO contamination 
Due  to  the  high  cost  and  the  difficulties  associated  with  hydrogen  production  and 
storage, it is not economically practical to run PEMFCs with pure hydrogen, at least in 
the  short  term.  Therefore,  a  hydrogen-rich  reformate  gas  offers  a  more  practical 
solution,  although  not  without  a  problem.  Reformate  contains  1-2%  CO,  which  in 
practice is removed before entering the fuel cell, but a trace amount still remains, which 
can have a negative effect on the performance of a PEMFC.
41 
CO strongly adsorbs strongly on the Pt catalyst surface, blocking much of the active 
sites for hydrogen adsorption and oxidation, especially for PEMFCs operating at below 
100°C. This dramatically lowers the cell potential, making CO poisoning one of the 
most significant barriers to be overcome in the development of PEMFC systems.
42, 43 
There are a number of methods to overcome CO poisoning: 
  Advanced reformer design that is capable of removing the CO completely from 
the fuel 
  Use of CO-tolerant catalysts 
  Oxidant bleeding into the fuel feed for the conversion of CO to CO2 
  Use of a composite anode structure whereby the first layer is designed with CO-
active  catalyst  and  the  CO-free  gas  then  reacts  with  the  second  layer  of  Pt 
catalyst  
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  Higher operating temperature 
  Use of membranes to separate hydrogen from impurities 
  Pulsing cell voltage or current to promote CO removal on the surface 
Out of all the methods mentioned above, the use of CO-tolerant catalysts is considered 
the most efficient and favourable way of solving the CO poisoning problems without 
adding  to  the  complexity  or  cost  of the system. The most  common approach is by 
utilising Pt with a second metal, such as Ru, Sn, Rh, Mo, Fe, Ni and Pd, in the form of 
an  alloy.
44  Among  these  alloys,  PtRu  is  regarded  as  the  most  efficient  anode 
electrocatalyst with enhanced CO tolerance.
45, 46 Although the exact mechanism of CO 
oxidation from the PtRu surface is still debated, the following mechanisms are widely 
accepted: 
  Bifunctional  mechanism  whereby  Ru  activates  water  to  donate  oxygen-
containing species to promote the oxidation of CO on a neighbouring Pt atom.
47-
49 
  ?? + ?2?  ⇌ ??𝑎?? + ?+ + ?−    ( 2.9 ) 
) 
) 
  ??𝑎?? + ??𝑎?? → ??2 + ?+ + ?−    (2.10) 
    Direct  mechanism  (ligand/electronic)  whereby  Ru  alters  the  electronic 
interactions of Pt with CO, thereby weakening the Pt-CO bond and lowering the 
CO electroxidation overpotential.
50-52 
It should be emphasised that CO is adsorbed on both Pt and Ru sites and therefore Ru is 
also a source of COads. In the case of continuous oxidation of dissolved CO, the rate of 
reaction is lower due to negative reaction order with respect to CO partial pressure. This 
is when there is a strong adsorption of one reactant (i.e. both CO and OH compete for 
the same site on both Pt and Ru but CO predominates). 
A totally opposite behaviour is observed for Pt3Sn alloy. The oxidation potential of 
dissolved CO is shifted negatively with respect to that for PtRu (1:1) by 0.3 V and 0.45 
V with respect to that for pure Pt.
45 However, the oxidation potential for adsorbed CO is 
in the same region as that for pure Pt. The mechanism for CO oxidation on Pt3Sn alloys  
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is not fully established but is believed to be via the bifunctional mechanism.
53 Gasteiger 
et  al. proposed that the high CO oxidation  activity of Pt3Sn is due to formation  of 
weakly adsorbed state of CO, which is a consequence of the strong intermetallic bond 
between Pt and Sn atoms, suggesting that electronic effect also plays a role.
54 Even 
though Pt3Sn alloy system is the most electroactive catalyst for the oxidation of CO, 
there has been no in-situ study within a fuel cell system to compare its performance 
with Pt and PtRu. It was reported that a Pt-Ru-Sn ternary system has an even higher CO 
oxidation activity than the binary systems.
55 
It was reported that Pd alone has poor HOR activity,
32, 33 the addition of even a small 
amount of Pt enhances its activity, similar to that of pure Pt.
56, 57 It has been shown that 
the presence of Pd increases the CO tolerance of Pt and PtRu.
57-59 The effect of Pd as a 
second metal is different than that of Ru; Pd addition decreases CO coverage on catalyst 
particles  via  the  electronic  effect.  The  use  of  Pt-free  PdSnO2  and  PdTiO2  as  HOR 
catalysts  has  also  been  reported.
60,  61  The  enhancement  was  thought  to  be  due  to 
decreased Pd particle size; the oxides increased the dispersion of the Pd metal particles, 
and hence increased the electrochemically active surface area of the catalyst. Wang et 
al.
62 found that the CO oxidation potential of Pd5Ir in acidic medium was found to be 
about 0.54 V, which is significantly more negative than that of pure Pt or Pd and in the 
same range as that of PtRu. In this case, Ir is said to decrease the adsorption strength of 
CO on Pd and hence increase its CO tolerance. 
2.1.2  Methanol Oxidation Reaction 
The  use  of  liquid  hydrocarbons  such  as  methanol  has  attracted  interest  due  to 
advantages such as: easy handling and storage, no need for reforming, possibility of 
renewable  source  such  as  biomass,  and  high  power  density  for  small  portable 
applications such as electronics. The thermodynamic potential for methanol oxidation is 
0.02 V (equation ( 1.4 ), which is very close to that of hydrogen oxidation. However, 
this  reaction  is  much  slower  than  hydrogen  oxidation.  Although  the  full  reaction 
mechanism  is  still  unresolved,  it  is  well  known  that  methanol  oxidation  undergoes 
parallel pathways (Figure 2.6), as first suggested by Breiter,
63, 64 and confirmed by a 
number of studies.
65-68   
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Figure  2.6:  Reaction  scheme  of  methanol  oxidation  reaction,  showing  all  the  possible 
pathways.
69 
In general, a methanol oxidation catalyst is required to: 
1.  Dissociate  the  C-H  bond:  This  involves  the  adsorption  of  methanol  on  the 
electrode and requires several neighbouring sites at the catalyst surface. It is 
known  that  hydrogen  is  adsorbed  at  low  potentials  and  therefore  methanol 
adsorption can only begin at potentials where enough sites become free from 
hydrogen.  It  was  suggested  that  methanol  adsorption  and  dissociation  takes 
place in several steps, forming different adsorbed intermediates, as shown in 
Figure 2.6. One route leads to the strongly adsorbed COad, while the other route 
leads to weakly adsorbed intermediates, which then generate soluble products 
(HCOOH, HCHO). 
2.  Facilitate the  reaction of the adsorbed intermediates with  some O-containing 
species to form CO2. The role of H2O chemisorption and OHads formation is 
important for efficient removal of adsorbed intermediates. 
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Like CO poisoning, the most successful binary alloy catalyst for methanol oxidation is 
PtRu
70-72  and  it  is  considered  as  the  benchmark  methanol  oxidation  catalyst.  As 
described  in  Section  2.1.1.1,  PtRu  exhibits  enhanced  tolerance  to  CO,  which  is  a 
poisoning intermediate in methanol oxidation reaction, resulting in higher MOR kinetic 
rate.
70, 73 
Alloy  catalysts  other  than  PtRu  were  also  investigated  by  a  number  of  authors, 
particularly  those  which  are  reported  to  have  excellent  CO  tolerance.  For  example, 
Pt3Os  was  found  to  give  higher  current  density  in  cyclic  voltammetry  and 
chronoamperometry experiments in comparison to PtRu (1:1).
74 The enhanced activity 
may be explained by both bifunctional mechanism and electronic effect. However, the 
experiment  was  conducted  at  low  temperature  and  it  was  known  that  Pt  rich  PtRu 
catalyst does not give optimum performance at low temperature (<60°C) and therefore 
it may have not been a fair comparison. Not all CO tolerant catalysts have good MOR 
activity;  for  example,  PtMo  has  excellent  CO  tolerant  of  Pt  but  worse  MOR 
performance in comparison to both PtRu and pure Pt.
75, 76 
The same enhanced CO tolerance was also observed for PtSn
77, 78 but there has been a 
mix of reports with regards to its methanol oxidation activity. One study shows that it 
only  has  a  slightly  better  performance  than  pure  Pt
79,  but  a  preliminary 
chronoamperometry results shows that PtSn has a higher mass specific activities at 0.5 
V compared to PtRu and PtRuSn.
80 In contrast, an experiment by Gotz and Wendt at 
110°C found that the order of activity for the above catalysts was PtRu > PtW > PtMo > 
Pt > PtSn.
81 However Liu et al. reported increased power outputs for PtSn compared to 
Pt, although no direct comparison with PtRu was made.
82 As all the catalysts were 
synthesised using different techniques, it is possible that the synthesis method had an 
impact on performance.  
The performance of Pd-based catalyst for methanol oxidation in acidic environment is 
not as extensively studied. However, in alkaline environment, the addition of a second 
and  third  element  has  been  shown  to  increase  its  performance.
83,  84  Again,  direct 
comparison with PtRu is usually missing from these studies. 
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2.2  Cathode catalyst layer 
In comparison to HOR, the ORR is a relatively complex reaction involving 4 electrons 
and with a number of elementary steps and strongly-bound reaction intermediates. As a 
result, the exchange current density is one order of magnitude lower than that of the 
HOR. 
The exact mechanism of the ORR is still not well understood and is thought to depend 
on  the  nature  of  the  electrode  material,  catalyst  and  electrolyte.  In  aqueous  acidic 
solutions, the ORR occurs mainly by two pathways: 
1.  The direct 4-electron reduction pathway from O2 to H2O: 
  ?2 + 4?+ + 4?− → 2?2?  ?∅ = 1.29 ?  ( 2.11) 
) 
) 
2.  The 2-electron reduction pathway from O2 to H2O2: 
  ?2 + 2?+ + 2?− → ?2?2  ?∅ = 0.70 ?  ( 2.12 ) 
) 
) 
  ?2?2 + 2?+ + 2?− → 2?2?  ?∅ = 1.76 ?  ( 2.13 ) 
  In fuel cells, the direct 4-electron pathway is highly preferable as it does not involve 
peroxide  species  which  may  accumulate  in  the  electrolyte.  However,  it  involves  a 
number of steps in which O2 has to be dissociated at the surface and recombined with 
hydrogen ions to form H2O. Consequently, the reaction is very slow and a catalyst is 
needed. 
At the current state-of-the-art technology, platinum supported on carbon black is the 
most  efficient  and  practical  catalyst.  Figure  2.7  shows  the  ORR  ‘volcano  plot’  of 
various  transition  metal  catalysts.  Pt  evidently  has  the  highest  activity  with  oxygen 
binding  energy  of  ΔE0(Pt)  =  +1.57  eV.  However,  in-silico  density  functional  theory 
(DFT) calculations shown that the optimum binding energy for maximum ORR activity 
is around +1.8 to +2.0 eV. Therefore, there is a considerable scope for improving ORR 
kinetics through the development of catalysts with oxygen binding energies 0.3 to 0.4 
eV more positive than that of Pt.
85  
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Figure 2.7: Volcano plot of oxygen reduction reaction activity  plotted as a function of the 
oxygen binding energy (ΔEO). 
85 
The most common strategy to reduce Pt catalyst loading on the cathode is by alloying it 
with other metal elements. The activity enhancement can be explained by the following 
mechanisms: 
1.  The structural effect. It was proposed that smaller Pt-M bond distances (where 
M  is  a  transition  metal)  would  provide  favourable  sites  for  the  dissociative 
adsorption  of  oxygen.
86  Consequently,  many  studies  demonstrated  that  Pt-M 
alloy, with M having smaller atomic sizes than Pt, will enter the crystal structure 
of  Pt  through  substitution.
87  This  results  in  lattice  contraction  and  hence  a 
decrease in Pt-M bond distance 
 
2.  The OHads inhibition effect. ORR reaction intermediate species such as OH or 
OOH are considered to be poisoning species. Pt alloys inhibit the formation of 
these poisoning species and thereby increase the activity of the ORR.
19 
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3.  The electronic effect. Alloying with transition metals cause Pt to share its d-
electrons with the unfilled d-orbitals of the base metals, increasing its d-band 
vacancy or d-band centre, as explained in Section 2.1. This effect is considered 
to be the most significant in determining binding energy of adsorbates on Pt-
alloy  surfaces.  Thus  ORR  activity  can  be  enhanced  if  the  Pt  alloy  can 
counterbalance between two opposing effects: the relatively strong adsorption 
energy of O2 and reaction intermediates, and the relatively low surface oxide 
coverage.  
Theoretical calculations  and experiments have shown that Pt-M alloys  supported on 
carbon, where M=Fe, Co, Ni, have higher activity that pure Pt.
85, 88, 89 With regard to 
unsupported  Pt-alloys,  the  most  impressive  performance  was  observed  when  using 
Pt0.7Ni0.3, Pt0.6Co0.4 and Pt0.5Fe0.5 with kinetic current densities over 10, 15, and 20 times 
higher than that of pure Pt.
90-92 Another advantage of alloying is it may improve catalyst 
stability as base metals help suppress Pt dissolution and sintering, which are the major 
causes of performance loss in PEMFC and described in detail below (Section 2.2.1). It 
was found that Pt-Co has better performance than Pt in an MEA cycling test (2400 
cycles).
93 This may be attributed to the base metals hindering Pt mobility on carbon. In 
another  experiment,  Pt  modified  with  gold  (Au)  clusters  was  shown  to  have  better 
stability, with only 5 mV degradation and almost no loss of Pt surface area after 30,000 
cycles, compared to 39 mV degradation and 45% surface area loss in Pt catalysts
94. It 
was found that the higher oxidation potential of Pt-Au was the major mechanism for the 
stabilisation effect.  
Despite the positive effects of Pt-M alloys, chemical leaching of base metal elements 
has  a  detrimental  effect  on  fuel  cell  performance.
95  Metal  cations  have  a  stronger 
affinity to the sulfonic groups in the membrane than do protons, poisoning the ion-
exchange sites that are necessary for proton transfer. The effect of leaching includes 
increased  membrane  and  catalyst  layer  resistance,  decreased  oxygen  diffusion,  and 
membrane  degradation.  In  addition,  it  also  caused  the  loss  of  the  intrinsic  alloying 
structure. Watanabe et al. found that at room temperature, the dissolution of base metals 
(Fe, Co, or Ni) gave rise to a Pt skin within a few monolayers of the alloy surface, 
modifying  the  electronic  structure  somehow  and  increasing  its  ORR  activity.
96  
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However, at typical PEMFC operating temperature (>60°C), excessive dissolution of 
the base metals occur, reducing the ORR activity. 
2.2.1  Cathode catalyst layer degradation 
Cathode  catalyst  layer  degradation  is  mainly  caused  by  loss  in  the  electrochemical 
surface  area  of  Pt  or  Pt  alloys.  The  main  degradation  mechanisms  can  be  broadly 
identified as (i) Pt dissolution; (ii) Pt nanoparticle migration and agglomeration; and 
(iii) carbon corrosion. These processes are interrelated and will be discussed below: 
1.  Pt dissolution 
The dissolution of Pt in cathode catalyst layers under PEMFC operating conditions has 
been widely investigated and documented.
97-99 It is particularly pronounced during rapid 
increases in cell voltage from around 0.6 V to OCV, in response to sudden reduction in 
current demand on the fuel cell stack (e.g. start-up and shut-down processes).  
     
Figure 2.8: Regions of stability for platinum vs potential and pH (Pourbaix Diagram). Diagram 
reproduced from reference 100.
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The  PEMFC  cathode  presents  an  acidic  and  highly  oxidative  environment.  The 
thermodynamic behaviour of a platinum bulk material as a function of electrolyte pH 
and  electrode  potential  is  guided  by  the  potential–pH  diagram,  also  known  as  the 
Pourbaix diagram, as shown in Figure 2.8.
101 The Pt Pourbaix diagram indicates that at 
low pH, Pt will dissolve above a potential of around 1.0 V according to the surface 
oxidation and oxide reduction processes below: 
  ?? + 2?− → ??2+    ( 2.14 ) 
) 
) 
  ??? + 2?+ → ??2+ + ?2?    ( 2.15 ) 
   
The dissolved Pt (Pt
2+) may be flushed out from the cell, particularly at high current 
densities where the flow of water from the cathode is large. Pt dissolution also caused 
the loss of electrochemical surface area, and hence activity, due to Pt
2+ migrating into 
the ionomer membrane and/or re-depositing at the surface of existing Pt nanoparticles 
to form larger particles via Ostwald ripening. 
2.  Pt migration and agglomeration 
Pt particles supported on carbon are not stationary, but can migrate across the carbon 
support and agglomerates to form bigger particles, resulting in loss of active surface 
area. The particle growth decreases the total surface tension, which is the main driving 
force  of  this  process.  Therefore,  the  interaction  of  Pt  with  carbon,  as  well  as  the 
interaction of Pt precursor with carbon during the catalyst formation, is crucial to the 
stability of the catalyst. Several strategies have been adopted to inhibit Pt migration and 
agglomeration  such  as  the  use  of  stable  catalyst  support,  and  modification  of  Pt 
deposition method to enhance metal-support interaction. 
3.  Carbon corrosion 
Despite being the most widely used catalyst support for PEMFC,  carbon support is 
actually thermodynamically unstable at PEMFC operating conditions. Electrochemical 
carbon support corrosion proceeds as in:  
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  ? + 2?2? → ??2 + 4?+ + 4?+  ? = 0.207 ?  ( 2.16) 
) 
) 
The reaction is almost negligibly slow at the potential at which the fuel cell operates (<1 
V),  provided  it  is  constant  throughout  the  operation.  However,  automotive  PEMFC 
systems  experience  significant  dynamic  operating  conditions  involving  an  estimated 
300,000 voltage cycles over the lifetime of a vehicle (5500 h), as shown in Figure 2.9.
40 
Some of the conditions could result in an increase in potentials at both the anode and 
cathode,  thus,  accelerating  the  carbon  corrosion  process  with  detrimental  effects  on 
PEMFC performance.  
 
Figure 2.9. Typical automotive fuel cell vehicle drive cycle showing average cell voltage over 
time.
40 
As carbon support corrodes, Pt nanoparticles agglomerate into larger particles and/or 
detach from the support material, consequently reducing the electrochemical surface 
area (ECSA) and catalytic activity. In the case of severe corrosion, the porous structure 
of the catalyst layer can be destroyed, increasing the mass transport resistance due to the 
blockage of gas access paths. Figure 2.10 shows a plot of the measured voltage loss 
versus carbon weight loss at 0.8 A cm
-2 for a variety of carbon support materials. It 
shows that electrodes with commercial carbon support (Ketjen black and Vulcan) start  
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to degrade after just 5% loss in carbon weight. In addition, some studies suggest that 
carbon corrosion rate can be accelerated by the presence of Pt.
102, 103  
 
Figure 2.10: Cell voltage loss versus carbon weight loss measured at 0.8 A cm
−2 for KB (Ketjen 
black),  Vulcan,  Gr-KB  (Graphitized  Ketjen black)  and  Gr-Vulcan  (Graphitized  Vulcan  XC-
72C). The inset shows the carbon weight loss versus time at 1.2 V.
104 
To solve this issue, much effort has been directed towards the development of corrosion 
resistant  catalyst  supports.  In  recent  years,  numerous  conductive  ceramics  or  oxide 
containing composites have been studied; these include ITO, WO3, TiO2, CeO2 and 
CeO2–ZrO2, WC, Ti4O7, NbO2 or Nb2O5, TiN, TiB2 and SiC.
105-115 Various graphitized 
carbon support materials with special pore structures have also been explored, such as 
carbon  nanotubes  (CNT),  nanofibers  (CNF),  nanohorns  (CNH)  and  nanocoils 
(CNC).
116-124  The  graphitic  structure  has  been  shown  to  be  effective  at  increasing 
durability due to structural electronic defects that yield higher interaction energy with 
the metal nanoparticle. However, its inert surface has a limited amount of active sites 
where  the  Pt  nanoparticle  can  stably  anchor.  It  is  clear  that  a  reasonable  balance 
between catalyst dispersion and catalyst-support interaction is necessary to meet the fuel 
cell performance requirement. 
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2.2.1.1  Cathode failure mode 
The effect of carbon corrosion on the anode is described in Section 2.1.1. The following 
explains  the  operating  conditions  which  may  cause  the  cathode  potential  range  to 
exceed the stability region of the catalysts and carbon support: 
1.  Steady-state operating conditions 
At open circuit voltage condition, i.e. when no current is drawn from the stack, the 
cathode potential increases to approximately 0.90 - 0.95 V. This can occur just before 
system shut-down and immediately after start-up, as well as in battery-fuel cell hybrid 
systems in which the battery provides the power during low power conditions.  
2.  Transient operating conditions 
In an automotive PEMFC system, the cell voltage typically changes from 0.55 to 0.90 
V.  Even  though  one  would  expect  little  carbon  corrosion  at  such  low  potentials, 
potential cycling can accelerate the carbon corrosion process, which is attributed to the 
repeated oxidation and reduction of platinum and/or carbon surface groups during the 
cycles.
125 It was estimated that approximately 8% carbon weight is lost over the life of a 
vehicle, at which electrode thinning and significant cell voltage losses can occur.
40 
3.  Start/stop operating conditions 
An automotive PEMFC system undergoes an estimated 38,500 start/stop cycles over the 
life of a vehicle.
40 During shutdown, ambient air will diffuse into the anode original 
filled  with  hydrogen,  whereas  during  start-up  hydrogen  gas  is  fed  into  the  anode 
initially filled with air. In both cases, an H2/air front is created at the anode, as shown in 
Figure  2.11.  The  resulting  temporary  coexistence  of  two  gases  with  different 
equilibrium potentials drives the potential in certain areas of the electrode to values 
substantially exceeding 1 V which can cause severe fuel cell degradation by corrosion 
of the carbon support material.   
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Figure 2.11: The schematic diagram of a PEMFC start-up experiencing start-up/shutdown and 
all  electrochemical  reactions  involved.  ORR:  oxygen  reduction  reaction,  COR:  carbon 
oxidation reaction, HOR: hydrogen oxidation reaction and OER: oxygen evolution reaction. 
Reproduced from reference 104. 
104 
The mechanism leading to the increase in the potential is illustrated in Figure 2.11. The 
H2/air segment on the left-hand-side generates a voltage which polarises both electrodes 
in  the  air/air  segment  (right-hand-side).  A  reverse  current  flows  internally  in  the 
electrodes through the H2/air and air/air segments such that the current in the air/air 
segment becomes equal to the current generated by the H2/air segment. In other words, 
the H2/air segment acts as a power source and the air/air segment acts as a load. As a 
consequence, the cathode reaction in the air/air segment proceeds as carbon oxidation 
and water hydrolysis, balanced by the ORR current on the opposing anode side. 
In one start-up/shutdown experiment using a conventional carbon-support MEA with 
H2/air front at the anode and air at the cathode, it was observed that the degradation rate 
at  the  cathode  was  about  1500  µV  per  cycle  at  1.5  A  cm
-2.
104  After  100  start-
up/shutdown cycles, the carbon support was corroded to the point that the  cell was 
unable to hold a positive voltage at 1.5 A cm
-2.   
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Several strategies have been developed to mitigate start/stop induced carbon corrosion. 
This includes the application of an external load to reduce voltage generated by the 
H2/air segment; an increase in  gas flow rate during start-up/shutdown to reduce the 
H2/air  front  time;  the  use  of  an  active  oxygen  evolution  catalyst  at  the  cathode  to 
promote water hydrolysis; or the use of an alternative HOR catalyst which inhibits the 
oxygen  reduction  reaction..  Although  these  approaches  may  help  to  reduce  carbon 
corrosion,  their  practicability  depends  strongly  on  the  application  of  the  PEMFC. 
Therefore,  a  combination  of  system  operation  mitigation  strategies  and  corrosion 
resistant  support  material  is  required  to  meet  the  DOE  durability  targets,  especially 
under very dynamic automotive fuel cell operation strategies. 
2.3  Alternative Carbon Support 
Catalyst activity and durability depends on Pt particle size and dispersion (which can be 
affected by the support material), as well as the interaction between the catalyst particle 
and  the  support.
126,  127  Therefore,  catalyst  support  plays  a  crucial  role  for  optimal 
catalyst  performance.  The  requirements  for  catalyst  support  materials  can  be 
summarised  as:  (i)  high  surface  area  for  maximum  catalyst  dispersion,  (ii)  high 
electrochemical stability under fuel cell operating conditions, (iii) high conductivity, 
and (iv) porous structure for reactant gas access to the electrocatalysts.  
Some  commercial  carbon  black  support  materials  currently  used  as  fuel  cell 
electrocatalyst supports include Vulcan XC-72R (Cabot Corp, 250 m
2 g
−1), Shawinigan 
(Chevron, 80 m
2 g
−1), Black Pearl 2000 (BP2000, Cabot Corp, 1500 m
2 g
−1), Ketjen 
Black (KB EC600JD & KB EC600J, Ketjen International, 1270 m
2 g
−1 and 800 m
2 g
−1, 
respectively) and Denka Black (DB, Denka, 65 m
2 g
−1). Despite their high surface area, 
carbon  black  has  dense  structure  leading  to  mass  transfer  limitations  and  low  Pt 
utilisation. In addition,  carbon black is known to undergo electrochemical oxidation 
under fuel cell operating conditions, as described in Section 2.2.1. 
A  number  of  alternative  carbon  based  materials  have  been  investigated  as  catalyst 
supports  for  PEMFCs,  such  as  carbon  nanotubes  (CNT),  carbon  nanofibers  (CNF), 
graphene,  and  mesoporous  carbon.  These  materials  have  high  surface  area,  good 
electrical  properties  and  theoretically  are  more  electrochemically  stable  due  to  their  
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graphitic nature. The following sections summarise recent progress in these materials 
and discuss the problems and challenges associated with them. 
2.3.1  Carbon nanotubes (CNT) 
 
Figure 2.12: (a) Schematic illustrations of the three different structures of single-walled carbon 
nanotubes (SWCNTs). (b) Structure of a multi-walled carbon nanotube (MWCNT) made up of a 
three shells of differing chirality.
128 
Carbon  nanotubes  are  3-D  cylindrical  nanostructures  made  up  by  single  sheets  of 
hexagonally  arranged  carbon  atoms.  They  can  be  classified  into  single-walled 
(SWCNTs) or multi-walled (MWCNTs). The structure of SWCNTs is characterised by 
a chiral vector (m, n): armchair (n = m), zigzag (n = 0 or m = 0) or chiral (any other n 
and m), as shown in Figure 2.12a. SWCNTs are typically semiconductors with a band 
gap inversely proportional to the nanotube diameter, except armchair SWCNTs which 
are metallic and SWCNTs with n – m = 3k (where k is a non-zero integer) which are 
semiconductors  with  a  small  band  gap.  MWCNTs  consist  of  a  concentric  set  of 
cylinders  with  a  spacing  of  0.34  nm  between  the  cylindrical  walls  (Figure  2.12b), 
resulting in a structure with relatively larger diameter than SWCNTs. MWCNTs are 
more conductive whereas SWCNTs have larger surface area. 
CNTs  have  been  widely  studied  as  catalyst  supports  for  H2/O2  PEMFCs  or  direct 
methanol  fuel  cells.  They  have  been  shown  to  have  better  performance  than 
conventional  carbon  based  catalysts.
129-135  For  example,  Yan  and  co-workers  found 
(a) (b) 
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improved polarisation behaviour for CNT-based MEA throughout the whole potential 
range  compared  to  conventional  Pt/C  MEA.
129  Matsumoto  et  al.  demonstrated  that 
CNT-based  MEA  could  reduce  Pt  usage  by  60%  in  H2/O2  PEMFCs.
135  The  higher 
performance  was  attributed  to  the  unique  structure  of  CNTs  which  enhances  the 
transport of gas reactants to the catalysts, as well as its high surface area which allows 
good dispersion of Pt particles on the surface. 
There are very few publications regarding the durability of CNTs as a catalyst support 
for PEMFC. Wang and co-workers found almost 90% loss of ECSA for Pt/C, while 
only 37% loss was observed for Pt/CNT after 168 h of oxidation treatment.
136 Shao et 
al. found that Pt/CNT degrades by 26.1% in terms of ECSA, compared to 49.8% for 
conventional  Pt/C  during  an  accelerated  degradation  test.
137  In  another  study  using 
voltammetric  and  XPS  analysis,  Shao  et  al.  found  that  CNTs  are  more  resistant  to 
electrochemical oxidation than carbon black, which they attributed to the unique closed 
structure of the CNTs. Carbon black, on the other hand, contains abundant dangling 
bonds and defects which are susceptible to the formation of oxides.
138 Studies by Li et 
al. showed that only the outside layers of MWCNTs were damaged when attacked by 
oxidative acids, which was attributed to the presence of defect carbons at the surface of 
MWCNTs.  However,  further  in-depth  oxidation  must  attack  the  intact  basal  planes 
beneath the defect carbons, which is difficult.
139 It is well-known that carbon supports 
with graphitic structure are more electrochemically stable. In a study comparing highly 
graphitized MWCNTs with normal MWCNTs, it was found that increasing the degree 
of graphitization leads to the increasing strength of π-sites (sp
2-hybridized carbon) on 
the support. These π-sites act as anchoring sites for Pt and strengthen the metal-support 
interaction.
140  Although  further  investigations  are  needed,  these  studies  suggest  that 
CNTs could potentially provide much higher durability than carbon black.  
Despite  the  advantages  offered  by  CNT,  there  are  still  many  challenges  for  its 
application in PEMFC. At current stage of technology, CNT synthesis techniques are 
costly and not suitable for large scale productions. Furthermore, due to the complex 
synthesis procedures, the CNT quality varies from one supplier to another and even 
from  the  same  supplier  at  different  times,  making  them  unreliable  for  large-scale 
applications.
141  
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2.3.2  Carbon nanofiber (CNF) 
 
Figure 2.13: Schematic representation of the three structures of CNFs.
142 
Carbon nanofibers (CNFs) consist of graphite sheets aligned in specific directions that 
are  determined  by  the  growth  process.  There  are  mainly  three  types  of  CNFs: 
herringbone, platelet, and tubular, as shown in Figure 2.13. CNTs have very thin or no 
hollow cavity and the diameters may go up to 500 nm and the length can go up to a few 
millimetres. The BET (N2) surface areas range from 80 to 200 m
2 g
-1, depending on the 
structure.  
The performance of CNF-based catalyst in fuel cells is well documented.
143-146 Li et al. 
found  that  CNF-based  MEA  demonstrates  higher  PEMFC  performance  than  carbon 
black-based  MEA.
143  In  addition,  it  was  found  that  CNFs  are  able  to  maintain 
continuous electrical conduction path, thus high Pt utilisation, which is attributed to its 
unique high aspect ratio (length to diameter ratio). This implies that it is possible to 
reduce Pt loading in MEA using CNF as catalyst support. Unlike the CNTs (and any 
conventional graphite materials) where the basal plane is exposed; only the edge planes 
are  exposed  in  in  CNFs.  These  edge  planes  provide  potential  anchoring  sites  for 
catalysts, leading to high dispersions of Pt nanoparticles. It was shown that 5 wt% Pt 
supported on platelet  and ribbon type CNF, which expose mainly edge sites  to  the 
reactant, displayed comparable methanol oxidation activities to that of 25 wt% Pt on 
Vulcan carbon.
147 Furthermore, the authors found that catalysts supported on CNFs are 
less susceptible to CO poisoning which is believed to be linked to the fact that the metal  
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particles  adopt  specific  crystallographic  orientations  when  dispersed  on  the  highly 
tailored graphite nanofiber structures. The enhancement in methanol oxidation activities 
in CNF-based catalysts are also supported by other studies.
148, 149  
Like CNTs, the durability of CNF-based catalysts is less studied. Anderson et al. found 
that Pt supported on CNF exhibited 29% increase in ECSA after 5000 cycles (0 – 1.6 
V).  In  comparison,  Vulcan  based  electrode  showed  41%  decrease  in  ECSA.
150 
Durability studies by Kang et al. showed that CNF supported PtRu anode has higher 
chemical  and  electrochemical  stability  compared  to  a  commercial  PtRu  catalysts  in 
DMFC.
151 
2.3.3  Ordered mesoporous carbon (OMC) 
Ordered  mesoporous  carbon  (OMC)  materials  have  well-ordered  porous  structure, 
providing  high  surface  area  and  conductivity.  OMCs  are  prepared  either  by  using 
ordered mesoporous silica templates or by templating triblock copolymer structures and 
the structure can be tailored by the control of synthesis parameters. For example, the 
BET  surface  area  can  be  altered  from  200  to  2000  m
2  g
-1  by  changing  the  carbon 
precursor  and  synthesis  conditions.  More  importantly,  the  three-dimensional  porous 
structure has been shown to improve the diffusion of reactants and by-products, making 
it attractive as a catalyst support material.
152  
The first report of the use of OMC as catalyst support can be attributed to Ryoo et al.
152 
The authors found that Pt supported on OMC with a BET surface area of 2000 m
2 g
-1 
exhibited superior electrocatalytic mass activity toward oxygen reduction compared to 
Pt supported on conventional carbons. Since then, a large number of studies followed. 
Generally, all OMC supported catalysts presented higher metal dispersion and higher 
catalytic activity, both for oxygen reduction and methanol oxidation, than carbon black 
supported catalysts.
153-158 Pore morphology was found to play an important role on the 
electrochemical  performance. Song et  al.  prepared two kinds of mesoporous  carbon 
materials;  one  is  a  highly  ordered  structure  mesoporous  carbon  and  the  other  is 
wormhole-like mesoporous carbon with a disordered three-dimensional nano-network 
structure. Both materials have similar pore volume, BET surface area and mesopore size 
but  it  was  found  that  Pt  on  ordered  structure  mesoporous  carbon  has  higher 
electrocatalytic activity than Pt on wormhole-like mesoporous carbon.
159  
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Limited reports have been made on the durability of OMC-based electrode. Due to the 
high surface area of OMC, it is expected that it is more susceptible to corrosion. One 
strategy is by increasing the graphitization degree of OMC. A highly graphitic ordered 
mesoporous carbon synthesised using a soft template was found to have better corrosion 
resistance than Vulcan.
160 However, graphitization decreases the porosity and surface 
area of carbon materials.  
2.3.4  Graphene and Graphene oxide (GO) 
Graphene, dubbed the next ‘wonder material’, was first discovered in 2004 by Geim et 
al.
161  It  is  the  thinnest  known  material,  in  the  form  of  an  atomically  thin  sheet  of 
hexagonally arranged carbon atoms. Despite being atomically thin, it is stronger than 
steel and has excellent electrical conductivity. As such, it is widely studied for various 
applications including fuel cell catalysts and catalyst supports.  
Theoretical calculations have shown that the highest possible surface area for a single 
layer graphene is 2630 m
2 g
-1.
162 However, the synthesis process is such that the product 
often consists of a small portion of single layer graphene and large quantities of thin 
graphite flakes (few to multi-layer graphene). Therefore, in a real system, the surface 
area is much lower due to the overlap of graphene sheets. The surface areas reported in 
the literature range from 270 to 1550 m
2
 g
-1 depending on the preparation route and the 
number of layers, but large variations were also observed within the same batch.
163 
The use of a single graphene sheet as a catalytic support has not yet been reported; 
however, some promising results have already been obtained with ‘few-layer graphene’. 
It was reported that Pt or Pt-alloy catalysts supported on graphene nanosheets have high 
activity toward oxygen reduction and alcohol oxidation.
164-173 Studies also shown that 
Pt/graphene exhibited high CO tolerance and electrochemical stability compared to a 
commercial catalyst.
165, 172, 174  
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Figure 2.14: Schematic diagram explaining the conversion of adsorbed COads species to CO2 on 
Pt/GO catalysts. Diagram adapted from reference 175.
175 
Graphene  oxide  (GO)  has  also  drawn  a  lot  of  interest  and  attention  due  to  its 
hydrophilicity  and  mechanical  strength.  GO  has  lower  conductivity  compared  to 
graphene but it is chemically ‘tunable’, making it attractive for applications as catalyst 
support in fuel cells. The oxygen functional groups on the graphene structure create 
defects and edge planes on the surface which act as nucleation and anchoring sites for 
metal nanoparticles. This results in small particle size and good particle distribution 
leading  to  high  ECSA  and  mass  activity.
175-179  The  enhanced  CO  tolerance  was 
attributed to the presence of covalently bonded oxygen functional groups and possibly a 
bifunctional mechanism between Pt and the GO support, as shown in Figure 2.14.
175 
The  hydrophilicity  of  GO  promotes  water  activation,  which  readily  oxidizes  the 
adsorbed CO on Pt. The proposed mechanism is as follows: 
  ?? + ?2? → ??(??)𝑎?? + ?+ + ?−  forward scan  ( 2.17) 
) 
) 
  ????𝑎?? + ??(??)𝑎?? → ??2 + ?+ + ?? + ?? + ?−  reverse scan  ( 2.18) 
) 
) 
Unfortunately, surface oxygen functional groups on carbon are also known to reduce the 
durability of fuel cell catalysts by promoting carbon  corrosion.
99  Additionally,  the 
complex synthesis methods mean that it is not yet suitable for large scale productions. 
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2.3.5  Graphitic Carbon Nitride  
A growing body of literature suggests that the presence of nitrogen in carbon supports 
improves durability, as well as enhancing the intrinsic catalytic activity for both oxygen 
reduction  reaction  (ORR)  and  methanol  oxidation  reaction  (MOR).
180-185  The 
incorporation of nitrogen into carbon leads to a reduction in detrimental surface oxygen 
groups and thus provides enhanced tolerance towards oxidation.
186 The role of the N-
surface species in catalytic enhancement is less studied and has only been hypothesized 
based on experimental observation and physicochemical reasoning. For example, it was 
suggested that C-N defects near the catalyst-particle interface adsorb oxygen containing 
intermediates  that would otherwise block catalyst  active sites,  and thereby facilitate 
their  removal  and  increase  the  rate  of  electrochemical  reaction  via  bifunctional 
mechanism, as shown in Figure 2.15.
186, 187 It has been shown that the N-dopant alters 
the  catalyst  electronic  structure,  resulting  in  a  higher  binding  energy,  which  may 
decrease  the  specific  interaction  between  the  Pt  nanoparticles  and  poisoning 
intermediates.
188  This  is  further  supported  by  an  X-ray  photoelectron  spectroscopy 
(XPS) study and theoretical calculations, where it was observed that Pt nanoparticles 
nucleate strongly and experience a strong ‘tethering’ effect to N atoms.
189, 190 N-doped 
carbon  materials  also  have  higher  specific  capacitance,  suggesting  the  presence  of 
additional charged species within the Helmholtz layer, which might provide sites for 
surface  groups  to  participate  in  the  removal  of  strongly  adsorbed  poisoning 
intermediates.
191 
 
Figure 2.15: Schematic diagram of possible bifunctional ORR and MOR mechanisms involving 
oxophilic  C–N  defects  near  Pt/C  catalyst.  The  adsorbed  oxygen  containing  surface  species 
facilitate  reaction  of  poisoning  intermediate  reaction  species  that  would  otherwise  block  
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catalyst active sites, thereby increasing electrochemical reaction. Diagram reproduced from 
reference 161.
186 
The high electrocatalytic activity of nitrogen doped CNT was first reported by Dai et 
al.
192 and was then confirmed by other studies.
193-195 It was also reported that nitrogen 
doped OMC with moderate nitrogen content provided a high surface area and graphitic 
framework,  leading  to  high  electrocatalytic  activity  and  excellent  long  term 
durability.
196, 197 Nitrogen doped graphene (N-G) introduce disorders and defects which 
act as nucleation and anchoring sites for metal nanoparticles and have been shown to 
enhance  ORR  activity.
198,  199  In  addition,  the  incorporation  of  nitrogen  in  the  C-
backbone increases the conductivity. MEA fabricated using Pt/N-G as the ORR catalyst 
was shown to exhibit higher power density than MEA fabricated using Pt/graphene.
200 
Given the potential of N-doped carbon materials, graphitic carbon nitride could be a 
suitable candidate as a catalyst support for fuel cells. Polymeric solids with high N:C 
ratios formed by reactions of nitrogen-rich molecules were first reported by Berzelius 
and later studied by Liebig, Franklin, Pauling and others.
201, 202 A fully condensed end 
member  has  the  composition  C3N4  with  a  planar  structure  related  to  graphite  or 
graphene. However, most graphitic carbon nitrides are composed of C and N, along 
with residual amounts of H, and they are attracting new interest due to their unique 
structural and optoelectronic properties. The structures are based on triazine (C3N3) or 
heptazine (C6N7) ring units linked by -N= or -NH- bridges to form sheets or zigzag 
chains  of  monomer  units  linked  by  hydrogen  bonds  to  give  a  2D  array.  Typical 
examples  include  Liebig's  melon,  melem,  or  highly  condensed  CxNyHz  graphitic 
structures formed by continued elimination of NH3 component (Figure 2.16). Recent 
discussions of graphitic carbon nitride structures and their properties have been based 
mainly on polymerized heptazine models that are shown to more thermodynamically 
stable,
203-205  but  structures  based  on  condensation  of  s-triazine  rings  can  also  be 
produced under different synthesis conditions and both structure types may be present.  
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Figure  2.16.  Structural  motifs  found  in  graphitic  carbon  nitrides.  (a)  Liebig's melon 
([C6N7(NH2)(NH)]n)  contains  zig-zag  chains  of  heptazine  (tri-s-triazine)  units  linked  by 
bridging  -NH-  groups  and  decorated  on  their  edges  by  N-H  groups,  (b)  fully  condensed 
C3N4 layer based on heptazine units, and (c) graphitic carbon nitride based on triazine ring 
units.
206 
Graphitic carbon nitride is a semiconductor with a bandgap of up to 5 eV, depending on 
structural variations and degree of condensation of the material.
207  The preparation 
method, including precursors and condensation temperature, affect the local structure, 
packing  and  defects  formed  during  the  preparation  process.  An  ordinary  polymeric 
carbon  nitride  exhibits  an  intrinsic  band  gap  near  2.7  eV  and  optical  absorption 
extending into the visible range,
206, 208 although different chemical modifications may 
lead to a red-shift (boron and fluorine doping) or a blue-shift (sulphur doping).
208-210  
These materials exhibit catalytic and photocatalytic activity and are also of interest for 
their intercalation, ion exchange and redox properties.
206, 208, 209, 211-215 Because of their 
high nitrogen content, tunability reminiscent of polymer chemistry and facile synthesis 
procedure, they may provide a good balance between activity, durability and cost in 
PEMFC operation. However, literature data on these applications are limited.  
It was reported that the fundamental ORR activity of graphitic carbon nitride in acidic 
medium is higher than that of pure carbon, however the current density achieved is still 
low for practical applications due to its low surface area.
216 Theoretical studies show 
that  graphitic  carbon  nitride  has  poor  electron  transfer  efficiency,  but  significant 
improvement can be achieved by blending it with high surface area carbon.
217 Since 
then,  many  studies  have  shown  that  gCNM-carbon  composites  could  provide 
comparable  ORR  catalytic  activity  to  that  achieved  by  commercial  Pt/C  in  alkaline 
electrolyte with enhanced durability and high carbon monoxide tolerance.
218-220  
(a) (b) (c) 
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Although  nitrogen  in  N-doped  carbon/graphene  introduces  a  charge  carrier  (n-type 
polaron), this charge is not necessarily localized on the nitrogen. In the case of graphitic 
carbon nitride, they are stoichiometric materials and contain abundant Lewis acid and 
base sites (terminal and bridging NH- groups and lone pairs of N in triazine/heptazine 
rings, respectively) that are potential anchoring sites for Pt as well as adsorption sites 
for CO. The first application of graphitic carbon nitride as a catalyst support can be 
attributed to Yu et al. in 2007 for the  DMFC operation.
221 It was shown that PtRu 
supported on graphitic carbon nitride in DMFC exhibits 78-83% higher power density 
than on Vulcan XC-72. 
2.4  Summary 
This chapter provides an overview of the PEMFC catalyst layers with a focus on the 
challenges in the research and development of new catalysts. The use of Pd-based alloys 
as cheaper anode catalysts with the possibility of improved CO tolerance is proposed. 
PdIr alloy catalyst fabricated via magnetic co-sputtering technique was reported to have 
HOR  activity  similar  to  that  of  Pt  in  ex-situ  studies.  However,  no  further  studies 
involving applications in a real fuel cell environment has been reported.  
Catalyst layer degradation of on anode and cathode, as well as failure mechanisms is 
discussed. Carbon corrosion is highlighted as the main degradation mode which leads to 
the loss of active surface area and performance. A review on alternative carbon support 
was presented; although these are still in the research stage. It is clear that a balance 
between durability, activity and cost is needed. The applications of graphitic carbon 
nitride as alternative catalyst support is introduced with a view to improve the overall 
performance of PEMFC catalyst layers. 
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Chapter 3 
3  Methodology: Electrochemical Characterisation Techniques 
The  evaluation  of  electrocatalyst  performance  is  performed  via  ex-situ  and  in-situ 
testing. In-situ fuel cell testing is affected by a number of factors such as mass transport 
resistances and water management effects. Therefore, testing the quality of catalysts on 
a  single-cell  MEA  can  be  unnecessarily  time-consuming  as  it  is  often  difficult  to 
differentiate the contribution of each component. The initial screening is often carried 
out in ex-situ half-cell experiments which require small quantities of catalyst materials 
and hence higher throughput. Suitable materials are then tested in-situ which involves 
the fabrication of a single cell MEA in a PEMFC single cell. This chapter describes the 
techniques and limitations of both methods. 
3.1  Ex-situ characterisation 
Ex-situ  electrochemical  characterisation  is  performed  using  a  conventional  three-
electrode electrochemical cell connected to a potentiostat which measures and controls 
the polarisation on the electrode of interest (working electrode). The polarisation is the 
potential  difference  between  the  working  electrode  and  a  reference  electrode.  For 
accurate  measurements,  it  is  important  that  the  reference  electrode  remains  at 
equilibrium and therefore a third electrode (counter electrode) is employed to pass the 
current. An auxiliary reaction occurs at the counter electrode so that there is no current 
flow between working and reference electrode. Details of the different types of ex-situ 
electrochemical techniques are discussed in the next sections. 
3.1.1  Cyclic voltammetry 
Cyclic voltammetry is a useful technique which allows both qualitative and quantitative 
information  about  catalysts  and  their  electrochemical  reactions  to  be  acquired.  It  is 
performed by cycling the potential between two points and recording the current in the 
potential cycling region. The current represents the rate at which the anodic or cathodic 
reactions are taking place. The resulting current versus potential graph is called a cyclic 
voltammogram (CV). Figure 3.1 shows a typical CV of Pt supported on carbon black.  
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The whole voltammogram can be divided into six potential regions, namely: 
  Hydrogen evolution region (I) 
  Hydrogen adsorption region (II) 
  Hydrogen desorption region (III) 
  The double-layer region (IV) 
  Pt oxidation region. Pt surface is oxidised to PtOH and then to PtOx (V) 
  PtO reduction to Pt (VI) 
 
Figure 3.1: CV of Pt/C (40 wt% Alfa Aesar) at 20 mV s
-1 in N2 saturated 0.1 M HClO4.The 
shaded region shows the area integrated for hydrogen adsorption. 
In an acidic electrolyte, H
+ is reversibly adsorbed to form a monolayer at potentials 
between +0.05 and +0.4 V vs RHE via the reaction: 
  ?? + ?+ + ?− ⟺ ??????    ( 3.1) 
  Hupd or underpotential deposited hydrogen refers to the adsorbed hydrogen atom on the 
catalyst surface. The process is reversible, with adsorption taking place on the cathodic 
sweep (negative-going), and desorption following when the sweep is reversed.  
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3.1.2  Electrochemical surface area  
The electrochemical surface area (ECSA) is a quantitative measure of the surface area 
which  is  available  for  electron  transfer.  It  is  an  important  property  and  must  be 
determined prior to every experiment in order to calculate and compare current densities 
measured for different catalysts and catalysts loadings. ECSA is usually expressed in 
terms of surface area per unit mass of active catalyst material in the electrode (m
2 g
-1). 
There are two common methods to estimate the ECSA. The first is by measuring the 
integrated area of hydrogen adsorption peaks on the CV in terms of the total charge 
passed during the H
+ adsorption (QHads). This is the shaded region in Figure 3.1. The 
ECSA of a metal catalyst is calculated using the equation: 
 
???𝐴 (?2???
−1)=(
?𝐻𝑎??
?????𝑖?? ∙ 𝐿???𝑎? ∙ 𝐴???
)105 
  ( 3.2) 
 
where Qdensity is 210 µC cm
-2 which is a well-established value for the charge required to 
reduce a monolayer of protons on Pt based on the assumption that one metal atom 
adsorbs one hydrogen atom;
222, 223 Lmetal is the metal loading of the working electrode in 
mg cm
-2; and Ageo is the geometric surface area of the working electrode in cm
2. 
The second method for determining the ECSA is  CO-stripping.  In this  method, the 
catalyst is ‘poisoned’ (surface adsorbed) with CO by purging the electrolyte with CO 
gas under potential control. The nature of CO adsorption is very sensitive to the surface 
plane, temperature and deposition potential, and therefore the charge density (Qdensity) 
varies depending on the bonding configurations. CO molecule occupies one Pt atom in 
two different  configurations.  A linear adsorption  configuration means  one CO atom 
occupies one Pt atom and the charge density is 420 µC cm
-2 (because two electrons are 
involved  in  CO  oxidation).  On  the  other  hand,  a  bridge  adsorption  configuration 
corresponds to one CO atom attached to two Pt atoms, which means the charge density 
is 210 µC cm
-2.
224, 225 
The  ECSA  is  also  used  to  estimate  the  roughness  factor  (RF)  of  an  electrode.  The 
roughness factor is a measure of the dispersion and porous structure of the catalyst and 
is calculated by the ratio of the catalyst surface area to the geometric surface area:  
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??=
𝐴𝐸𝐶(??2)
𝐴𝑔??(??2) =
?𝐻𝑎??
?????𝑖?𝑦 ⁄
𝐴𝑔??
  
  ( 3.3) 
 
The roughness factor for a smooth polycrystalline disk electrode is ≈ 1 and for a carbon 
black supported catalyst, it can vary from 1 to 10
5, depending on the dispersion of the 
active components and their microstructure. 
The ratio of ECSA to the physical surface area of the catalyst is known as catalyst 
utilisation and can be calculated by: 
 
?=
???𝐴
𝐴?ℎ??
× 100% 
  ( 3.4) 
 
Catalyst utilisation represents the proportion of the physical catalyst surface area (Aphys) 
on the triple phase boundary (TPB) that is electrochemically active. In acidic liquid 
electrolyte, the entire catalyst is covered in proton-conducting medium and therefore 
this value is inapplicable. However, in an MEA, the catalyst depends on the proton-
conducting ionomer to extend the triple phase boundary throughout the catalyst layer. 
3.1.3  CO-stripping voltammetry 
As mentioned in Chapter 1, H2-rich reformate, which is obtained through reformation of 
hydrocarbon fuels, is the practical choice of fuel in fuel cells. Reformate contains parts-
per-million (ppm) levels of CO, even after purification steps. As CO strongly adsorbs 
onto the surface of many metal catalysts, it blocks the reaction sites for H2 oxidation, 
thus  affecting  the  performance.  Cyclic  voltammetry  can  be  used  to  assess  the  CO 
tolerance  of  a  catalyst  via  CO-stripping.  The  onset  and  peak  potentials  of  the  CO 
oxidation peak are a measure of the CO tolerance of a catalyst; low onset and peak 
potentials are desirable. The onset potential is also temperature dependant, with higher 
temperatures leading to lower onset potentials. 
3.1.4  Methanol oxidation 
Cyclic  voltammetry  can  be  used  to  evaluate  the  activity  of  a  catalyst  for  methanol 
oxidation.  Like  CO  tolerance,  the  method  for  comparing  the  catalytic  activity  of  
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methanol oxidation involves looking at two important features on the voltammetry: the 
onset and peak potentials of methanol oxidation on the anodic scan. The onset and peak 
potentials indicate the methanol oxidation overpotential. 
3.1.5  Kinetic analysis using the rotating-disk electrode (RDE) 
The  rotating  disk  electrode  (RDE)  experiments  enable  rapid  screening  of  catalysts 
without complications from in-situ fuel cell testing. This section describes the theory 
and principle of the RDE technique and how it can be used to quantitatively analyse the 
electrocatalytic activity of a catalyst. 
 
Figure 3.2: (a) Schematic of the RDE experimental setup as part of a three-electrode cell; (b) 
rotating electrode showing the mass transport characteristic flow lines. 
An illustration of a typical RDE experimental set-up is shown in Figure 3.2. When an 
electrode is immersed in a stagnant electrolyte, the rate of reactions is controlled by two 
factors: kinetics and the transport of reactants to and from the electrode. Experimentally, 
it is possible to control mass transport rate so that its effect is diminished, and hence 
isolate the kinetic currents (ik), by rotating the electrode with respect to the electrolyte 
and thereby introducing forced convection. This system is also called the hydrodynamic 
system. 
Electrolyte
Counter
Working
Reference
To potentiostat
Catalyst
PTFE 
sheath
Rotating electrode
(a) (b) 
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When the electrode is rotated, the reactant is dragged to the surface of the electrode and 
the product is spun away leaving a fresh reaction layer on the surface of the electrode. 
The reactant is transported through this layer by diffusion in a laminar pattern and the 
net mass transport rate is now determined by both convection and diffusion, as shown in 
Figure 3.2b. The thickness of this layer is controlled by the angular velocity of the 
rotation (ω): 
  𝜔(??? ?−1) = 2𝜋?    ( 3.5) 
  where f is the number of revolutions per second. A higher angular velocity gives a 
thinner diffusion layer and vice versa. 
In a typical RDE experiment, the potential of the working electrode is polarised linearly 
through a potential range of interest at several different rotation rates ω, producing a 
series of linear sweep voltammograms. At the reaction onset potential, the current is 
controlled by the reaction kinetics, which is expressed as: 
  ?? = ??𝐴??????    ( 3.6) 
  Where kf 
 is the rate constant and is a function of the potential. As potential is increased 
or decreased, the current is affected by both the reaction kinetics and the mass transport 
rate of the reactant (kinetic-diffusion region). Eventually, the potential is high enough 
that the reaction rate is determined by the mass transport rate at a given rotation rate and 
diffusion-limiting current plateau is achieved. This diffusion-controlled current density 
is described by the Levich equation
226: 
  ?? = 0.62??𝐴????
2
3𝜔
1
2?
−
1
6?    ( 3.7) 
  Where n is the number of electrons transferred; F is Faraday’s constant (96,485 C mol
-
1); D is the diffusion coefficient of the electrolyte (cm
2 s
-1); v is the kinematic viscosity 
of  the  electrolyte  solution  (m
2  s
-1)  given  by  the  ratio  of  viscosity  to  density  of  the 
electrolyte; and C is the bulk concentration of the reactant. Throughout experiment, the 
electrolyte is saturated with the reactant and therefore C can be assumed to be constant.  
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The overall current in the entire potential sweeping region is related to the diffusion-
limited current, as given by the Levich-Koutecky equation: 
  1
?
=
1
??
+
1
??
 
  ( 3.8) 
 
There are two methods for extracting the kinetic current density,  jk, from measured 
current data: 
1.  Substituting  (  3.7)  into  (  3.8)  gives  a  useful  form  of  the  Levich-Koutecky 
equation: 
  1
?
=
1
??
+
1
0.62??𝐴????
2
3𝜔
1
2?
−
1
6?
 
  ( 3.9) 
 
Thus, plots of j
-1 versus ω
-1/2 at any potential within the mixed kinetic-diffusion 
region of the linear sweep voltammograms gives straight lines. At ω
-1/2 = 0, the 
rotation rate is infinite, i.e. infinite mass transport rate, and therefore extrapolation 
of the plots to the y-axis gives the kinetic current densities, jk,. 
2.  Rearranging equation (1.9) for jk gives: 
 
?? =
? ∙ ??
?? − ?
 
  ( 3.10) 
 
Thus,  the  kinetic  current  density  can  be  calculated  directly  from  the  measured 
current density extracted from the kinetic-diffusion region and the diffusing limited 
current density jd. In the literature, 1600 rpm is the standard rotation rate used to 
extract the kinetic current density.
95, 227, 228 
For  more  reliable  comparison  of  catalytic  activities,  the  kinetic  current  density  is 
normalised by active surface area (ECSA) and the metal loading of the catalyst on the 
electrode to  give specific activities (SA, µA cm
-2) and mass activities (MA, A g
-1), 
respectively.   
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Tafel analysis can be applied to the data obtained from RDE experiments, as discussed 
in Section 1.6.2. The linear regression of the plot of η versus log jk gives the Tafel slope 
and the extrapolation of the line to 0 V gives the exchange current density (j0). 
3.2  In-situ characterisation 
The environment in an operating PEMFC differs substantially from that of ex-situ tests 
using  an  electrochemical  cell.  Whilst  ex-situ  testing  provides  valuable  information 
regarding the intrinsic properties of the catalyst, it is only by fabricating MEAs and 
testing them under real PEMFC operating conditions that a true property of a catalyst 
can be evaluated. 
For an MEA evaluation, a test station is required which can measure and control the 
following parameters: (1) temperature, pressure, humidity and flow rates of reactants, 
and  (2)  current  and  voltage  of  the  fuel  cell.  The  fuel  cell  is  the  most  important 
component in the system which includes current collector, flow fields and gaskets. A 
single cell hardware is shown in Figure 3.3. The MEA is placed in between the gaskets 
and screw bolts are used to compress and seal the cell assembly to the required pressure 
(torque). 
 
Figure  3.3.  (a)  A  single-cell  hardware  (Fuel  Cell  Technologies)  showing  the  different 
components; (b) a torque screwdriver is used to compress the cell to the required pressure. 
The  main  difference  between  in-situ  and  ex-situ  testing  is  the  electrolyte.  Liquid 
electrolyte  provides  complete  wetting  of  the  catalyst  layer  in  which  the  TPB  is 
Current 
collector
Gasket MEA Flow field Bipolar 
plates
Torque screwdriver
(a) (b) 
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inapplicable, whereas in an MEA, the catalyst layer relies on ionomer (typically Nafion) 
and liquid water present in pores for proton conductivity and TPB.  In addition, the 
Nafion ionomer relies on humidification of reactant gases and therefore may not be 
optimal. Within the MEA itself, the catalyst layer thickness is typically around ~10 µm, 
depending on  composition  and loading,  compared to  <1 µm  in  RDE.  Hence, MEA 
fabrication is very important in order to obtain the maximum possible performance of a 
catalyst. 
3.2.1  Polarisation curve 
Fuel  cell performance is  measured by the  polarisation curve, which is discussed in 
detail in Section 1.6. The most common method for obtaining the polarisation curve is 
by adjusting the current density and recording the cell voltage. From the polarisation 
curve, the power density (cell voltage × current density) can be plotted as a function of 
current density, accordingly, as shown in Figure 3.4. 
 
Figure 3.4: Typical polarisation curve of a PEMFC showing the cell voltage and power density 
as a function of current density. 
The  polarisation  curve  depends  strongly  on  the  operating  conditions,  such  as  the 
temperature, pressure, relative humidity and gas flow rates. Therefore, it is important to 
keep these parameters the same when comparing different catalysts. 
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3.2.2  Electrochemical Impedance Spectroscopy (EIS) 
The  electrochemical  impedance  spectroscopy  (EIS)  is  a  powerful  technique  for  the 
quantitative measurement of individual losses in PEMFC performance, such as ohmic, 
activation and mass transport. The technique involves applying a small sinusoidal (AC) 
voltage  or  current  signal  of  known  amplitude  and  frequency  to  the  cell  and 
simultaneously recording the AC amplitude and phase response, as shown in Figure 3.5. 
The AC perturbation is applied over a wide range of frequencies, typically from 10 kHz 
to  1  Hz.  The  ratio  and  the  phase-relation  of  the  AC  signal  response  is  called  the 
complex impedance, Ẑ(ω), which consists of real and imaginary components. 
 
Figure 3.5: Applied sinusoidal current and resulting sinusoidal voltage response in a linear 
system. 
In an EIS measurement, the applied current It and the resulting AC voltage Et can be 
described mathematically as a function of time t according to equations: 
  ?? = ?0sin  (𝜔?)    ( 3.11) 
    ?? = ?0sin  (𝜔? − 𝜙)    ( 3.12) 
  Where Eo and I0 are the amplitude of the signals, ɸ is the phase shift with respect to the 
current  signal,  and  ω  is  the  radial  frequency.  Equations  (3.11)  and  (3.12)  can  be 
expressed as complex numbers: 
  ? ̂ = ?0?𝑖̂𝜔?    ( 3.13) 
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  ? ̂ = ?0?𝑖̂(𝜔?−𝜙)    ( 3.14) 
  Where  𝑖̂ ≡ √−1. The impedance Ẑ is analogous to Ohm’s Law and can be expressed 
as: 
 
? ̂ =
? ̂
?
=
?0?𝑖̂(𝜔?−𝜙)
?0?𝑖̂𝜔?  
  ( 3.15) 
 
The term ?𝑖̂𝜔? cancel to give: 
 
? ̂ =
?0
?0
?−𝑖̂𝜙 
  ( 3.16) 
 
Using Euler’s relationship, ?𝑖𝜙 = cos(𝜙) + ????(𝜙), impedance Ẑ can be written as a 
complex notation: 
 
? ̂ =
?0
?0
cos(𝜙) − 𝑖̂
?0
?0
???(𝜙) 
  ( 3.17) 
 
Equation ( 3.17) can be rewritten as: 
  ? ̂ = ??(? ̂) − 𝑖̂??(? ̂)    ( 3.18) 
 
Therefore, the magnitude of impedance Ẑ can be evaluated as: 
 
|? ̂| = √??(? ̂)
2
− ??(? ̂)
2
 
  ( 3.19) 
 
And, 
 
𝜙 = tan−1(
??(Ẑ)
??(Ẑ)
) 
  ( 3.20) 
 
The  complex  impedance  can  be  represented  graphically  in  several  ways;  the  most 
commonly used is a plot of -Im(Z) versus Re(Z), called the Nyquist plot (Figure 3.6).  
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Figure 3.6. A typical Nyquist plot (left) for a Randle circuit with a resistor and capacitor in 
parallel (right) with frequencies between 10 kHz and 0.01 Hz 
While the Nyquist plot is effective in providing insight into the possible mechanisms 
happening  in  the  cell,  it  does  not  show  the  frequency  information.  Therefore,  it  is 
usually  useful  to  indicate  the  frequency  on  the  Nyquist  plot.  Another  popular 
representation  of  the  impedance  data  is  the  Bode  plot,  which  explicitly  shows  the 
frequency-dependence  of  the  impedance  of  the  cell.  The  Bode  plot  displays  the 
impedance magnitude (real or imaginary) and phase angle as a function of frequency 
(logarithmic scale), as shown in Figure 3.7.  
 
Figure 3.7: An example of the Bode plot showing the (a) phase response, and (b) magnitude 
response as a function of frequency. 
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3.2.2.1  Equivalent circuits 
Impedance  data  can  be  explained  in  terms  an  equivalent  circuit  composed  of  ideal 
resistor (R), capacitor (C), inductor (L), and distributed circuit elements. 
Table 3.1: The impedance relationships of ideal electrical elements commonly used to describe 
the impedance of electrochemical systems. 
Element  Defining 
relationship 
Equivalent circuit  Impedance   
Resistor  ? = ??    ? ̂ = ??  ( 3.21) 
Capacitor 
? = ?
??
??
 
 
? ̂ =
1
𝑖̂𝜔?
 
( 3.22) 
Inductor 
? = 𝐿
??
??
 
 
 
? ̂ = 𝑖̂𝜔𝐿  ( 3.23) 
The complex voltage and current have Ohm’s Law-like relationship which allows the 
impedance of a circuit with multiple elements to be calculated using the same rules as 
with multiple resistors. The total impedance of two elements in series and parallel are 
given by, 
 
               Ẑ = Ẑ1 + Ẑ2  
 
             
1
Ẑ =
1
Ẑ1
+
1
Ẑ2
 
 
In an actual electrochemical system, the reactions, processes and electrode structures are 
usually very complex, such that instead of behaving ideally, the circuit elements exhibit 
Ẑ1  Ẑ2 
Ẑ1 
Ẑ2 
Ẑ 
C 
L  
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a distribution of values. A common distributed element is the constant phase element 
(CPE): 
 
Ẑ𝐶?? =
1
?(𝑖̂𝜔)?    ( 3.24) 
 
Where 0 < n < 1, Q represents the non-ideal capacitance, and both values are assumed 
to be independent of frequency. The double-layer capacitance in a real electrochemical 
system often behaves like a CPE due to surface roughness and non-uniform current 
distribution. 
Another  common  distributed  circuit  element  is  the  Warburg  impedance,  which 
represents diffusion processes in the absence of migration. The Warburg circuit element 
can  be  modelled  as  a  repeating  series  of  identical  constant  phase  (T)  and  resistive 
elements  (Rw),  also  known  as  transmission  line,  as  illustrated  in  Figure  3.8a.  The 
Nyquist plot of the Warburg impedance appears as a 45˚ diagonal line (Figure 3.8b). 
 
Figure 3.8: (a) Transmission line model of the Warburg circuit element and (b) typical Nyquist 
plot response of an equivalent circuit with Warburg impedance. 
The  electrochemical  behaviour  of  an  electrochemical  reaction  taking  place  at  a  flat 
electrode in a uniformly-accessible electrolyte can be modelled as a resistor (RΩ) and 
capacitor (Cdl) in parallel, also called the Randle circuit, as illustrated in Figure 3.9(a). 
The RΩ represents charge transfer required to convert the reactants to products at the  
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electrode surface, and the Cdl represents the double-layer capacitance of the electrode-
electrolyte interface. The impedance response appears as a semicircle in the Nyquist 
plot, where it is possible to extract the charge transfer resistance from the experimental 
data. 
Typical equivalent circuits for a PEMFC can be modelled by two parallel resistor / 
capacitor combinations, as shown in Figure 3.9(b). The resistive element RΩ represents 
the Ohmic resistance (ionic and electrical) of the electrolyte membrane and connecting 
cables and cell components. The impedance response of a PEMFC usually appears as 
two semicircles with one arc representing the anode charge transfer and the other arc 
representing  the  cathode  charge  transfer.  The  semicircles  also  appear  flattened 
compared to that produced by a standard parallel Randle circuit, which indicates the 
presence of CPE instead of a perfect capacitor. At high current densities, a third arc 
appears due to mass transport effects, which is represented by a lower frequency arc.  
 
Figure  3.9:  General  equivalent  circuit  model  and  Nyquist  plot  for  (a)  an  electrochemical 
interface, and (b) for a PEMFC at low current densities. 
Once  a suitable equivalent  circuit model has  been developed,  a complex non-linear 
least-squares  method  is  usually  used  to  fit  the  model  to  the  experimental  data  and 
calculate the values of each transfer function parameters of the circuit. 
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3.2.3  CO tolerance 
For in-situ measurement of CO tolerance, the anode gas is switched to a H2/CO mixture, 
with various CO concentrations depending on the system. Whilst ex-situ CO tolerance 
experiments allow quick evaluation of CO oxidation overpotential, in-situ experiments 
allow the qualitative analysis and quantification of the concentration of CO that can be 
tolerated for each catalyst. The effect of CO poisoning of a PEMFC with Pt/C anode is 
shown in Figure 3.10(a). The presence of 25 ppm CO is already detrimental to the 
performance of PEMFC. CO poisoning is also a transient phenomenon – it was shown 
that the poisoning effect of takes a significant amount of time to reach steady state, as 
shown in Figure 3.10(b). 
 
Figure 3.10: Polarisation curves of a PEMFC with Pt/Vulcan (30 wt%) anode and cathode (a) 
using H2/CO fuel gas (25 to 250 ppm), and (b) in H2/100 ppm CO during the poisoning period 
with steady-state achieved after 210 minutes.
48 
(a)
(b) 
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However, it is widely known that there is discrepancy in the amount of CO that could be 
tolerated by catalysts, including Pt, in the literature. This may have been due to various 
factors such as temperature, flow rates and catalyst loading.
229 It was found that lower 
fuel flow rates allow better CO tolerance via the oxidation of CO to CO2 by oxygen 
crossover. The cathode flow rates also play an important role with higher flow rate 
leading  to  higher  oxygen  crossover  and  better  CO  tolerance.
230  Whilst  a  standard 
experimental procedure across the literature is also needed, it is important to take these 
factors into account when comparing CO tolerance of various catalysts. 
3.3  Durability Studies 
A conventional method of testing the durability of a fuel cell requires several thousand 
hours under a realistic cycle. However, this type of testing is expensive with very low 
output and impractical for screening of new materials. Alternatively, accelerated stress 
test (AST) protocols can be used to induce rapid degradation of cell components and 
can be applied in-situ or ex-situ. It typically involves changing one or more parameters, 
such as potential, temperature, relative humidity, gas composition, stoichiometry and 
flow  rate,  to  create  specific  conditions  and  trigger  a  specific  degradation  pathways 
related to a single component based on assumed but widely accepted mechanisms, while 
minimising degradation of other components.  
As detailed in Chapter 2, carbon corrosion is the main degradation pathway,  which 
leads to a loss in the ECSA of the electrode along with Pt dissolution. The US DOE has 
developed  a  standardised  AST  protocols  and  targets  for  the  in-situ  assessment  of 
catalyst  and  catalyst  support  durability,  as  shown  in  Table  3.2  and  Table  3.3.
231  In 
addition  to  durability  testing,  post-mortem  analysis  using  physical  characterisation 
techniques, such as XRD, SEM and TEM, is usually performed to identify the failure 
mechanisms.
98, 232-235 
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Table 3.2. US DOE in-situ AST cycle for electrocatalyst durability. Reproduced from 231. 
231 
Electrocatalyst Accelerated Test Protocols and Metrics 
Cycle  Triangle sweep cycle: 50 mV s
-1 between 0.6 and 1.0 V. 
Single cell 25 – 50 cm
2 
Total time  30000 cycles 
Cycle time  16 s 
Temperature  80˚C 
Relative Humidity  100% in both anode & cathode 
Fuel/Oxidant  Hydrogen/Nitrogen 
Pressure  Atmospheric pressure 
Metric  Frequency   Target 
Mass Activity (A/mg)  Beginning and end of test  ≤  40%  loss  of  initial 
catalytic activity 
Polarisation curve  After 0, 1000, 5000, 10000, 
and 30000 cycles 
≤ 30 mV loss at 0.8 A cm
-2 
ECSA  ≤ 40% loss of initial area 
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Table 3.3. US DOE in-situ AST cycle for catalyst support durability. Reproduced from 231. 
231 
Catalyst Support Accelerated Test Protocols and Metrics 
Cycle  Hold at 1.2 V for 24 h; run polarisation curve and ECSA, 
repeat for 400 h. Single cell 25 – 50 cm
2 
Total time  Continuous operation for 400 h 
Diagnostic frequency  24 h 
Temperature  80˚C 
Relative Humidity  100% in both anode & cathode 
Fuel/Oxidant  Hydrogen/Nitrogen 
Pressure  150 kPa absolute 
Metric  Target 
Mass Activity (A/mg)  ≤ 40% loss of initial catalytic activity 
Polarisation curve  ≤ 30 mV loss at 1.5 A cm
-2 
ECSA  ≤ 40% loss of initial area 
 
The in-situ AST protocols require over 200 hours on operation, which may not always 
be  feasible.  However,  there  have  been  numerous  reports  of  ex-situ  AST  durability 
studies based on the RDE in liquid electrolytes, which reduces the test duration to less 
than 24 hours. This involves potential cycling or hold whilst recording CV, ECSA and 
activity at intervals, similar to the US DOE AST protocols shown above. Ramani et al., 
in collaboration with Nissan North America Inc. and US DOE, have developed an ex-
situ AST protocol which simulates the start-stop cycle in a real fuel cell system, as 
shown in Figure 3.11and Table 3.4.
236 They found excellent correlations between their 
ex-situ  and  in-situ  results  using  the  same  catalyst.  Even  though  no  post-mortem 
characterisation was performed, other studies have revealed that the start-stop cycles 
result in severe carbon corrosion due to the high potential and temperature during the 
cycling.
38, 237-241  
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Figure 3.11. US DOE ex-situ AST potential cycle used to test catalyst durability. Reproduced 
from 236. 
236 
Table 3.4: AST parameters for ex-situ AST potential cycle. Reproduced from 236. 
236 
Temperature  60˚C 
Electrolyte  0.1 M HClO4 
Dissolved gas  Nitrogen 
Diagnosis  CV at 0, 10, 20, 50, 100, 200, 500, 
1000, 2000, 5000 cycles 
 
3.4  Summary 
An overview of the different catalyst electrochemical characterisation techniques was 
presented.  For  the  quick  screening  of  new  catalysts,  ex-situ  potential  cycling  and 
rotating-disk in a standard three-electrode electrochemical cell are often used where 
information  such as  ECSA, CO oxidation  overpotential  and catalyst  activity can be 
obtained  from  ex-situ  experiments.  The  in-situ  evaluation  of  catalysts  in  MEA 
configuration involves  voltage-current  polarisation and impedance spectroscopy in  a 
real fuel cell environment. From these methods, a range of information can be obtained 
such  as  polarisation  curves,  maximum  power  density,  open  circuit  voltage,  CO 
tolerance  and  reaction  charge  transfer  resistance.  Additionally,  standard  US  DOE 
accelerated stress test protocols to examine catalyst and catalyst support durability in 
both ex-situ and in-situ configurations are presented.   
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Chapter 4 
4  Preparation and Characterisation of Pd-alloy Anode Catalyst 
In  this  chapter,  a  1-to-1  ratio  of  PdIr  catalyst  was  synthesised  and  characterised 
electrochemically  in  a  three-electrode  cell  configuration  using  acidic  electrolytes  to 
determine its feasibility, in terms of performance and durability, as anode catalyst for 
PEMFC. The catalyst was also studied for its methanol oxidation reactivity. 
4.1  Materials and methods 
4.1.1  Hardware 
Electrochemical  experiments  were  carried  out  in  a  typical  three-electrode  setup 
consisting of working electrode, reference electrode, and counter electrode. A known 
amount  of  catalyst  is  deposited  onto  a  glassy  carbon  working  electrode,  which  is 
connected  to  a  rotator.  A  platinum  gauze  is  used  as  the  counter  electrode  and  a 
reversible hydrogen electrode (RHE) is used as the reference electrode (?∅ = 0.0 V). A 
separate compartment with a Luggin capillary accommodates the reference electrode. 
The tip of the Luggin capillary is placed close to the working electrode to minimise the 
impact of the uncompensated electrolyte resistance. All three electrodes are immersed in 
an electrolyte saturated with the reactant. Electrochemical measurements were carried 
out using a Metrohm Autolab PG302 potentiostat equipped with an FRA2 impedance 
module. The electrochemical cell was enclosed in a grounded Faraday cage. The full 
experimental setup is shown in Figure 4.1.  
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Figure 4.1: Experimental setup for ex-situ electrocatalyst characterisation 
4.1.2  Materials 
Pt/Vulcan  (39.21  wt%,  Alfa  Aesar),  PtRu/Vulcan  (2:1,  59.8  wt%,  Alfa  Aesar), 
Pd(NO3)2 (>39.9% Pd, Alfa Aesar), IrCl3 (>54.5% Ir, Alfa Aesar), RuCl3 (>38% Ru, 
Alfa Aesar), Ketjen Black (Akzo Nobel), Na2CO3 (Sigma-Aldrich), NaH2PO2 (Sigma-
Aldrich),  HClO4  (65%  VWR  Normatom),  CH3OH  (VWR),  C3H7OH  (VWR  Analar 
Normapur), N2 (zero-grade, BOC), CO gas (Fisher Scientific), H2 (zero-grade, BOC) 
and deionised water (resistivity > 18.0 MΩ cm). All chemicals and regents were used as 
received without further purification. 
4.1.3  Synthesis of catalysts 
A low temperature chemical precipitation method has been chosen to synthesise PdIr 
alloy catalyst due to its simplicity, economy and low toxicity, although other methods 
have also been reported in the literature such as colloidal, sol-gel, micro emulsions, and 
electrochemical methods.
242-248 PdIr/C electrocatalysts with Pd:Ir atomic ratio of 1:1 (40 
wt% metal loading) was synthesised in this work. In addition, Pd/C and Ir/C were also 
synthesised for comparison purposes (40 wt% metal loading). Metal salts of Pd(NO3)2 
and IrCl3 were used as precursors. In this method, carbon black (Ketjen) was firstly 
dispersed in deionised water at 80˚C overnight. Dissolved solutions of metal salts were  
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then  added  to  the  carbon  slurry.  Next,  a  solution  of  saturated  sodium  bicarbonate 
solution was added slowly to increase the pH to 7.0. The pH was maintained at 7.0-7.5 
for 1 hour. A sodium hypophospite solution was added and the slurry was stirred for an 
additional hour while the temperature was maintained at 80˚C. After cooling to room 
temperature, the slurry was filtered and washed thoroughly with deionised water. The 
catalysts were dried in an oven at 90˚C overnight. The dried catalyst was then grinded 
in a pestle and mortar to give a fine powder and then reduced in a furnace under 20% 
H2/80% N2 gas flow for 1 hour at 150˚C. 
4.1.4  Glassware cleaning 
Impurities in the electrolyte may block the active sites on the catalyst and lower the 
activity  of  the  catalyst.  In  order  to  obtain  reproducible  measurements,  the 
electrochemical  cell  and  all  its  components  such  as  stoppers  and  o-rings,  must  be 
cleaned  thoroughly  with  deionised  water  to  remove  cationic,  anionic  and  organic 
impurities. The electrochemical cell is cleaned according to the following procedures
228: 
the cell is half-filled with concentrated H2SO4 and turned from side to side to ensure 
that the entire interior surface is wet and coated with the acid. The interior of the cell is 
then  left  soaked  in  the  concentrated  H2SO4  overnight.  Next,  the  cell  is  rinsed  with 
nanopure water at least 8 times and finally with the electrolyte solution. This cleaning 
method is performed weekly or when the system is contaminated. 
4.1.5  Working electrolyte and temperature 
The standard working electrolyte used in this work is 0.1 M HClO4 which simulates a 
perfluoro-sulfonic acid ionomer. Older literature often describes the use of dilute H2SO4 
as  the  working  electrolyte.  However,  it  has  been  found  that  Pt  surfaces  are  highly 
susceptible to the adsorption of the HSO4
− and SO4
2−resulting in lower electrocatalytic 
activity in sulphuric acid.
227, 249  
All  measurements  in  this  study  are  made  at  25˚C,  unless  otherwise  stated.  The 
temperature is regulated by flowing water from a water bath through the water jacket on 
the electrochemical cell. It is known that HClO4 decomposes over time, especially at 
higher temperature, producing unwanted ions which also inhibit the activity. However,  
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recent work by Garsany et al. shows that the effect of temperature on the performance 
of Pt catalyst in HClO4 electrolyte is insignificant.
228 
4.1.6  Preparation of working electrodes 
Glassy carbon (GC) enclosed in PTFE (Pine Instruments) with geometric surface area 
of 0.196 cm
2 was used. Prior to every experiment, the GC electrode was polished on a 
microcloth (Buehler) in a “figure of eight” pattern using 1 µm and 0.05 µm alumina 
slurries  (Buehler).  The  polished  electrodes  were  rinsed  with  deionised  water  then 
ultrasonicated for a few minutes to remove any residual alumina. 
A catalyst ink is prepared by mixing a known amount of catalyst with a known amount 
of solvent and Nafion (which acts as a binder). The mixture is sonicated for 30 minutes 
to ensure the ink is well-dispersed. The volume of ink to be deposited on the electrode is 
calculated by taking into account the required metal loading: 
 
Volink=
Required metal loading (μg cm-2)
Ink density (
μg
μl cm2 )
 
  ( 4.1) 
 
A known volume of catalyst ink was deposited on the glassy carbon to produce a metal 
loading of 35 µg cm
-2 and dried at room temperature under ambient conditions. The ink 
is  pipetted  onto  the  clean  polished  glassy  carbon  electrode  such  that  it  completely 
covers the glassy carbon but not the Teflon. The electrode is dried at room temperature 
in air. 
4.1.7  Reference electrode 
A reversible hydrogen reference electrode (HydroFlex, Gaskatel) is employed in this 
study. The reference electrode is calibrated prior to every experiment to ensure that its 
potential does not drift. This can be done by saturating the electrolyte with H2 and 
measuring the voltage of the electrode while the current is held at open circuit. 
4.1.8  Physical characterisation 
Low-magnification bright-field imaging was performed using Jeol JEM1010 instrument 
equipped with a Gatan Orius camera system and operated at 80 kV. The catalyst was  
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dispersed in 70% IPA under sonification and transferred to a carbon mesh TEM grid 
(Agar  Scientific)  using  a  micropipette  under  an  optical  microscope.  Particle  size 
analysis was done using Gatan Digital Micrograph software by measuring the longest 
axis of any identifiable particle in the image. Energy dispersive X-ray spectroscopy 
(EDX)  measurements  were  carried  using  a  JEOL  JSM6480L  scanning  electron 
microscope equipped with an X-sight X-ray detector (Oxford Instruments) and INCA 
software. Synchrotron X-ray powder diffraction patterns (SXPD) were obtained using 
synchrotron radiation on beamline I11 at the Diamond  Light Source.  The data were 
fitted  using  Le  Bail  refinement  in  TOPAS  software  (Bruker)  in  order  to  obtain 
crystallographic detail such as the lattice parameter and crystallite size. 
4.1.9  Electrochemical measurements 
A clean electrochemical cell was filled with fresh electrolyte is 0.1 M HClO4 and any 
bubbles in the Luggin capillary were removed by tipping the cell from side to side. The 
catalysed glassy carbon electrode was wetted with deionised water prior to experiment 
and mounted in an RDE assembly (Pine Instruments). The distance between the glassy 
carbon electrode and the tip of the Luggin capillary must be kept the same for each 
experiment to keep the resistance of the solution similar. Air bubbles were removed 
from  the surface of the electrode by  rotating it briefly at  2000 RPM. The cell was 
thermostated at 25˚C using a water bath circulation heater. 
The  electrolyte  was  purged  with  nitrogen  for  30  minutes  and  the  electrode  was 
electrochemically cleaned by cycling between 0.05 V – 1.0 V at 20 mV s
-1 for up to 20 
cycles  or  until  stable  cyclic  voltammograms  were  achieved.  Electrochemical 
measurements were performed as follows: 
  For the measurement of ECSA, cyclic voltammograms were recorded whilst still 
under N2 purge by potential cycling between 0.05 V to 1.2 V at 20 mV s
-1. 
  For the measurement of CO tolerance, the electrolyte was saturated with CO for 30 
minutes while the potential of the electrode was held at 0.1 V. The gas was then 
switched to N2 for 30 minutes and LSV scans were recorded from 0 to 1.2 V at 5 
mV s
-1.  
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  For the measurement of HOR activities, the electrolyte was purged with hydrogen 
(ultra-high purity, BOC) for at least 30 minutes. LSV scans were recorded between 
0 V to 0.4 V at rotation rates of 400, 600, 900, 1200, and 1600 RPM. 
  For  the  measurement  of  MOR  activities,  the  electrolyte  was  switched  to  1  M 
methanol + 0.1 M HClO4. LSV scans were recorded from 0 V to 1.2 V at 5 mV s
-1. 
4.1.10  Durability Testing 
An  accelerated  ex-situ  stress  test  protocol  (AST)  was  used  for  the  catalyst  support 
corrosion test. One cycle involves applying a voltage hold  at 1.0 V for 30 seconds 
followed by two sequences of voltage cycling between 1.0 – 1.5 V at 0.5 V s
-1, as 
illustrated in Figure 3.11. 
4.2  Results and discussions 
4.2.1  Materials characterisation 
Commercial Pt characterisation 
A commercial Pt (Alfa Aesar) is used as a benchmark catalyst in this work. The catalyst 
morphology was analysed using TEM, as shown in Figure 4.2. The average particle size 
estimated from the TEM image is 4.2 nm and the quoted XRD crystallite size is 3.5 nm. 
Since  XRD  measures  average  crystallite  size  rather  than  particle  size,  which  may 
consist of more than one crystallite, XRD crystallite size is normally smaller than TEM 
particle size.  
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Figure 4.2: (a) TEM image of Pt supported on carbon and (b) histogram showing the particle 
size distribution with an average size of 4.2 nm. 
The cyclic voltammogram of Pt in 0.1 M HClO4 is shown in Figure 4.3. The hydrogen 
adsorption and desorption region exhibits well-defined peaks which correspond to the 
different crystallographic orientation of the Pt surfaces. The presence of well-defined 
peaks is also an indication of surface cleanliness.  
The hydrogen desorption peak at 0.09 V corresponds to the weakly bonded hydrogen to 
Pt(110) sites whereas the peak at 0.23 V corresponds to the strongly bonded hydrogen 
to  Pt(100)  sites.  The  values  of  the  potentials  are  close  to  the  values  given  in  the 
literature.
250-253 On the anodic scan, a third hydrogen peak, H3rd appears between the 
weakly and strongly bonded hydrogen peaks. There has been a lot of discussion on the 
origin of this peak. In the early studies, it was assigned by Fritz Will to the hydrogen 
adsorption  on  Pt(111).
254  Biegler,  however,  concluded  that  it  is  due  to  hydrogen 
absorption
255
 but this was disputed by Kinoshita et al. because hydrogen only dissolves 
in Pt in very small amounts.
256
 Stonehart suggested that the peak might be due to surface 
diffusion and reorientation of adsorbed hydrogen and thus forming a H3
+ species
257
 and 
this was later confirmed by Sumino et al.
258
 Gomez et al. showed that Pt(110) sites are 
necessary  for  the  peak  to  occur
259
  and  this  was  confirmed  by  Frelink  et  al.  who 
concluded that the peak is due to sub-surface H2 adsorption on Pt(110) sites which are 
created via oxidation of the surface.
260
 This is the more likely explanation because the 
third  hydrogen  peak  only  appear  after  the  potential  is  scanned  into  the  Pt 
oxidation/reduction region.
261 
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Figure 4.3: The cyclic voltammogram of Pt/C on glassy carbon in 0.1 M HClO4 at 25˚C. Scan 
rate: 20 mV s
-1 
PdIr characterisation 
Figure  4.4a  shows  the  EDX  analysis  of  the  carbon  supported  PdIr  alloy  catalyst, 
confirming  the  presence  of  Pd,  Ir  and  carbon.  The  SXPD  patterns  in  Figure  4.4b 
confirm the presence of PdIr with a lattice parameter of 3.8851(1) Å, consistent with the 
literature value of 3.862 Å for PdIr alloy.
262 Both Pd and Ir have lattice parameters of 
3.8898 Å and 3.8394 Å , respectively. Therefore, the absence of additional peaks in the 
SXPD patterns suggests that the PdIr catalyst is alloyed. The apparent crystallite size 
was  6.6(2)  nm.  The  TEM  image  shown  on  Figure  4.5  shows  well-dispersed  PdIr 
nanoparticles on carbon with an average particle size of 9.6 nm, although agglomeration 
is also seen in the sample. 
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Figure 4.4: (a) EDX spectrum and (b) SXPD pattern for PdIr alloy catalyst. 
 
Figure 4.5: (a) TEM image of PdIr supported on carbon and (b) histogram showing the particle 
size distribution with an average size of 9.6 nm. 
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Figure 4.6 shows the CV of PdIr, Pd and Ir in 0.1 M HClO4. The PdIr CV is distinctive 
from that of Pt in the hydrogen region. A sharp peak at 0.03 V is observed which can be 
attributed to hydrogen absorption in the β-phase on Pd – a phenomenon that is widely 
reported in the literature.
263-265 The oxide reduction peak is observed as a single peak, 
rather than a mixture of Pd and Ir oxide peaks. This implies an electronic modification 
of the two metals due to bimetallic/alloy formation. 
 
Figure 4.6: The cyclic voltammogram of PdIr, Pd and Ir in N2-saturated 0.1 M HClO4 at 25˚C. 
For clarity, the Pd cyclic voltammogram is only shown from 0.05 V. Scan rate: 20 mV s
-1. 
The ECSA is calculated from the charge due to Hupd, found by integrating the hydrogen 
adsorption region of the CV using Equation ( 3.2). The hydrogen monolayer charge 
density Qdensity on smooth Pd and Ir surface are assumed to be 210 µC cm
-2 and 220 µC 
cm
-2, respectively and therefore the Qdensity of PdIr (1:1) alloy is taken as 215 µC cm
-2.
63, 
222 The ECSA calculated for PdIr alloy is 22.3 m
2 g
-1. The low surface area for PdIr is 
due to the large particle size, as seen in the TEM image, as well as the presence of 
agglomeration  in the sample. 
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4.2.2  CO-stripping voltammetry 
The CO-stripping voltammograms of Pt, PtRu, PdIr in 0.1 M HClO4 are presented in 
Figure  4.7.  It  can  be  observed  that  the  hydrogen  desorption  peaks  are  completely 
suppressed in the lower potential region for all catalysts except for PdIr. This implies 
that CO does not fully saturate the surface of PdIr. The same observation is reported for 
Pd-based  alloy  catalysts  in  literature.
57  Low  CO  coverage  may  indicate  better  CO 
tolerance as not all of the active sites of the catalysts are blocked by CO.
57 The CO 
oxidation peak potential for PdIr is 80 mV more negative compared to that of Pt, which 
could be attributed to the bifunctional effect arising from the PdIr “electronic effect”.  In 
addition,  the  presence  of  the  oxophilic  Ir  leads  to  the  early  formation  of  adsorbed 
hydroxides, which oxidises  CO. This  means  that smaller  driving force  is  needed to 
oxidise or remove CO from the surface of PdIr, indicating that it may have better CO 
tolerance than Pt. 
 
Figure 4.7: CO-stripping voltammogram of Pt, PtRu and PdIr/C, and in 0.1 M HClO4 at 25˚C. 
Both Pt and PdIr have more positive CO oxidation peak compared to PtRu. The CO-
tolerant PtRu shows a CO oxidation peak of 0.54 V, consistent with the value reported 
in the literature.
266, 267  
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The  ECSA  of  all  catalysts  were  measured  from  the  CO  oxidation  charge  after 
subtracting  the  background  current  of  CO-free  CV.  The  oxidation  charge  for  one 
monolayer of CO on a smooth Pt or Pd surface is assumed to be 420 µC cm
-2. The 
ECSA values for all catalysts are given in Table 4.1, along with CO oxidation onset 
potential, peak potential and average particle size. PdIr has the lowest ECSA which 
could be attributed to the large particle size (9.6 nm versus 4.2 nm for Pt, as shown in 
Chapter 4.2.1). The ECSA of PdIr obtained from CO-stripping voltammetry is lower 
than that obtained from Hupd. The ECSA obtained from CO-stripping voltammetry may 
likely to be an underestimation due to incomplete coverage of CO on Pd. 
Table 4.1: The ECSA, CO oxidation onset and peak potentials for Pt, PtRu, and PdIr catalysts 
obtained from  CO-stripping  voltammetry.  The  onset  potential  is  defined  as  the  potential  at 
which the current is 10% of the maximum CO oxidation current. 
Catalyst  ECSA 
(m
2 g
-1) 
Onset potential 
(V) 
Peak potential  
(V) 
Pt  50.2  0.78  0.88 
PtRu  64.5  0.45  0.54 
PdIr  20.0  0.75  0.80 
 
4.2.3  Hydrogen Oxidation Reaction 
Figure 4.8 shows the HOR linear sweep voltammogram of Pt, PdIr, Pd and Ir at 1600 
rpm. The HOR activity of Pt in acid is very fast, such that it is experimentally difficult 
to measure using the RDE. However, the aim of this experiment is not to measure the 
true kinetic properties of HOR on Pt, but to define the experimental conditions for the 
purpose  of  screening  and  subsequently  estimating  the  activity  of  newly  synthesised 
catalysts. The final test for every suitable catalyst will be in a real PEMFC. 
Pt, PdIr, and Ir reach the diffusion-limiting current around the same potential (~0.05 V) 
but the HOR current of Ir starts to decrease at ~0.15 V due to the early formation of 
adsorbed OH species (Ir is highly oxophylic).
268 Pd exhibits a peak at around 0.25 V, 
which can be attributed to absorption of large amounts of hydrogen into the bulk lattice  
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of Pd,
31 before diffusion limiting current is achieved at 0.30 V. This shows that Pd is 
kinetically controlled in a wider potential range, indicating slow reaction kinetics. In 
addition,  hydrogen  absorption  into  Pd  bulk  lattice  means  that  less  active  area  is 
available for hydrogen oxidation. Pd metal has been shown to have poor activity for the 
hydrogen oxidation in various literatures.
32-34, 56, 57  
 
Figure 4.8: The HOR linear sweep voltammogram for carbon supported Pt, PdIr, Pd and Ir in 
H2-saturated 0.1 M HClO4 at 1600 rpm. Inset: Tafel plot based on Butler-Volmer fit for each 
catalyst. 
Tafel analysis is used to extract the kinetic parameters for each metal catalyst and the 
results are summarised on Table 4.2. Based on the Tafel slope, the HOR reactivity 
follows the orders of Pt > Ir > Pd, consistent with the literature.
31, 268 The results support 
the early findings that both Pd and Ir alone have relatively poor HOR activity compared 
to Pt, but when combined as an alloy, the HOR activity is enhanced.
31 
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Table 4.2: The Tafel slope and exchange current density (j0-RDE) for Pt, PdIr, Pd and Ir catalysts 
measured in 0.1 M HClO4 RDE assembly, and the exchange current density obtained from 
mass-transport free measurements (j0-PEMFC).
268 
Catalyst  Tafel Slope 
(mV dec
-1) 
j0-RDE 
(mA cm
-2) 
j0-PEMFC 
(mA cm
-2) 
Pt  28  1.64  216 
PdIr  39  1.51  - 
Pd  76  0.68  5.2 
Ir  49  4.16  45 
The exchange current densities are compared to the values obtained in the literature 
which uses mass-transport free measurements in a ‘H2 pump’ configuration within a 
PEMFC (Table 4.2).
268 The exchange current density found in this study is at least one 
order of magnitude smaller than that obtained in the literature for all catalysts, which is 
not  surprising  as  the  HOR  in  RDE  is  largely  affected  by  mass-transport  diffusion. 
Therefore,  it  is  important  to  test  the  catalysts  in  an  actual  fuel  cell  before  a  final 
conclusion can be obtained. 
4.2.4  Methanol oxidation reaction 
Methanol oxidation voltammetry for Pt, PdIr, and PtRu are shown in Figure 4.9. It is 
generally accepted that low overpotential and high peak current density is an indication 
of  good  MOR  activity.  The  current  density  is  normalised  to  the  ECSA  of  each 
respective catalyst due to the inherent differences in ECSA. PtRu presents the lowest 
methanol oxidation overpotential, as a result of its higher CO tolerance. The methanol 
oxidation peak for PdIr is 0.10 V more positive than Pt. The peak current density is, 
however,  much  smaller  due  to  smaller  number  of  active  sites  (ECSA).  The  same 
hydrogen desorption peak seen in CO-stripping voltammetry is observed on PdIr (inset  
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of  Figure  4.9)  indicating  that  not  all  active  sites  are  poisoned  by  adsorbing 
intermediates. 
.   
Figure 4.9: Methanol oxidation voltammogram of Pt/C, PdIr/C and PtRu/C in 1 M CH3OH + 
0.1 M HClO4 at 25˚C. Inset: Close-up of the hydrogen region showing hydrogen desorption 
peak for PdIr. 
A comparison of a methanol oxidation reactivity of PdIr and Pd (synthesised using the 
same procedure) is shown in Figure 4.10. It can be seen that the addition of Ir enhances 
the methanol oxidation activity of Pd. Wang et al. reported that Ir is not an active metal 
for  alcohol  oxidation  and  therefore  reducing  the  Ir  content  could  enhance  alcohol 
oxidation.
62 
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Figure 4.10: A comparison of the methanol oxidation voltammetry for PdIr and Pd in 1 M 
CH3OH + 0.1 M HClO4 at 25˚C. 
4.2.5  Durability 
The durability of the PdIr/Ketjen catalyst was measured using an ex-situ accelerated 
stress-testing  protocol  (AST)  on  the  RDE.  It  is  know  that  Pt  catalyses  the  carbon 
corrosion therefore the measurement was benchmarked against Pt/Vulcan (Alfa Aesar). 
As the catalyst support is known to play an important role in durability,
40 Pt/Ketjen was 
also synthesised and tested for comparison. The change in CV of all three catalysts is 
shown in Figure 4.11. For all catalysts, the current in the hydrogen region decreases 
with  successive  cycles,  indicating  loss  of  ECSA.    At  the  end  of  the  1000  cycles, 
commercial  Pt/Vulcan  exhibits  a  31%  decrease  in  ECSA.  Both  PdIr/Ketjen  and 
Pt/Ketjen display significantly higher ECSA loss, with total reductions of 66% and 60% 
respectively. It was reported that Pd/C catalyst exhibits worse degradation compared to 
Pt/C due to the formation of β-hydrogen phase on Pd during the accelerated potential 
cycling.
269 This was denoted by an increase in peak at around 0 V in the CV, which is 
not  observed  in  this  experiment.  It  is  possible  that  the  presence  of  Ir  suppress  the 
absorption of hydrogen on Pd. 
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Pt/Ketjen has a higher loss in ECSA compared to Pt/Vulcan; both Pt catalysts have 
similar particle size, which implies that the difference in durability cannot be attributed 
entirely  to  size-dependent  dissolution  or  sintering.  As  seen  from  Figure  4.11(b), 
Pt/Ketjen shows a more pronounced peak in the oxide region, which is attributed to the 
quinone/hydroquinone  oxidation  reduction  process  on  the  carbon  surface.
270-273  The 
formation of surface oxygen functionalization can indicate carbon corrosions.
272, 274 It is 
known  that  carbon  corrosion  is  more  pronounced  on  Ketjen  due  to  its  higher  BET 
surface area compared to Vulcan (800 m
2g
-1 vs 250 m
2g
-1).
38, 104 Similar behaviour is 
also seen on PdIr/Ketjen CV, implying that the main degradation mechanism is carbon 
corrosion, although a post-mortem physical characterisation would be a more suitable 
method to determine the main degradation mode. 
 
Figure 4.11: (a-c) The CV of Pt/Vulcan, Pt/Ketjen, and PdIr/Ketjen during the  ex-situ AST 
potential cycling (1.0 – 1.5 V) and (d) the change in ECSA of the catalysts as a result of AST 
potential cycling. 
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4.3  Conclusions 
In  this  chapter,  PdIr  catalyst  was  synthesised  using  a  low  temperature  chemical 
precipitation  method  and characterised electrochemically in  RDE configuration. The 
ECSA  obtained  is  low  due  to  particle  agglomeration  in  the  sample,  indicating  the 
possibility  of  further  optimisation.  Despite  the  low  ECSA,  the  results  from 
electrochemical testing suggest that the HOR activity of PdIr is almost as facile as Pt. 
However, the HOR activity in RDE acidic electrolyte is very fast that it is difficult to 
measure the true kinetics value. Therefore, the final test will be conducted in a real 
PEMFC, which will be discussed in the next chapter. 
The CO tolerance of PdIr is slightly better than Pt, but worse than PtRu, as indicated by 
the CO onset potential of CO-stripping voltammetry. However, the active sites of PdIr 
are not 100% poisoned by CO, which suggests that these sites may be available for 
reaction. The methanol oxidation voltammetry results show the activity in the order of 
PtRu > Pt > PdIr. Ex-situ durability testing shows that PdIr have a similar durability to 
Pt but further experiment is needed to verify the results. 
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Chapter 5 
5  In-situ Testing 
5.1  Materials and methods 
5.1.1  MEA fabrication 
The catalyst ink was prepared by dispersing the catalysts in 70% IPA solution (Sigma-
Aldrich) and Nafion solution, and ultrasonicating the mixture in a water bath for 30 
minutes. The inks were then spray-coated onto a 2.3 × 2.3 cm section of GDL (Johnson 
Matthey). The catalyst loading was determined using a weight balance and was fixed at 
0.4 mg cm
-2.  
Commercial gas diffusion electrodes (Johnson Matthey ELE0007, 0.4 mgPt cm
-2) were 
used as cathodes for all MEAs. MEAs were prepared by hot-pressing anode and cathode 
electrodes on either side of a Nafion 212 membrane at 130˚C and 400 psi for 3 minutes. 
Commercial PtRu anode was prepared by spray-coating commercial PtRu (2:1, 60 wt%, 
Alfa Aesar) ink onto a GDL. Commercial Pt MEA was made using commercial anode 
and cathode GDEs. 
5.1.2  Single-cell PEMFC testing 
The  prepared  MEA  (5.29  cm
2 active  area)  was  mounted  in  commercial  single-cell 
hardware (Fuel Cell Technologies Inc., USA). Single-cell testing was carried out using 
a  Scribner  890e  test  stand  (Scribner  Associates,  USA).  Electrochemical  impedance 
spectroscopy (EIS) analysis was carried out using UCL-FRA software.
275 
Prior  to  experimental  test,  the  MEA  was  activated  to  ensure  the  membrane  is 
sufficiently hydrated, thus reducing the Ohmic resistance and increasing the extent of 
the triple phase boundary. The cell temperature was set to 80˚C and the anode and 
cathode were fed with H2 and air at stoichiometry of 2.0 and 6.5, respectively. The 
activation procedure was carried out by maintaining the cell current density in sequence 
of 50 mA cm
-2, 100 mA cm
-2, 300 mA cm
-2, 500 mA cm
-2, and 700 mA cm
-2 for 1 hour 
each or until the current density stabilised for at least 30 minutes. Following activation, 
the polarisation curves  were recorded from  OCV to  1000 mA cm
-2 at  50 mA cm
-2  
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increments with 60 seconds at each point. EIS was applied at 100 mA cm
-2 or 500 mA 
cm
-2 at a frequency range of 0.1 Hz to 10 kHz with applied AC amplitude of 10% of the 
actual  current.  Equivalent  circuit  modelling  was  obtained  using  Z-view  software 
(Scribner Associates). 
CO tolerance analysis was performed by switching the anode fuel gas was to H2/CO 
mixtures with CO concentrations of 25, 50, 100, and 250 ppm. The current density was 
held  at  250  mA  cm
-2  for  120  minutes,  or  until  steady-state  is  reached,  before  the 
performance data was obtained. 
5.2  Results and discussions 
5.2.1  Performance analysis 
Figure 5.1 shows the polarisation curves of PdIr in comparison with Pd and Ir. At the 
activation region (0 to 100 mA cm
-2), PdIr and Ir have similar performance; however, 
PdIr gives the best overall performance. Pd performs the worst with at least 60 mV drop 
in performance compared to PdIr and Ir. This results suggest that the HOR activity of 
Pd  (and  Ir  to  a  lesser  degree)  alone  are  limited,  but  when  combined  as  an  alloy, 
performance is enhanced. The enhancement is thought to be due to a decrease in PdIr d-
band vacancy, owing to the higher binding energy of Pd-Hx,
31 as well as a decrease in 
particle size. This is in agreement with the results obtained using the RDE in Chapter 4.  
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Figure 5.1: Polarisation curves of a single-cell operating at 80˚C with PdIr, Pd and Ir as anode 
catalysts. Conditions: 5.29 cm
2 cell, 100% relative humidity anode and cathode, 1 atm. Load-
based stoichiometry: Anode = 2.0; Cathode = 6.5 based on O2 in air. 
The performance of PdIr is compared to commercial Pt and PtRu (JM), as shown in 
Figure 5.2. All MEAs employ the same commercial Pt cathode GDM; therefore, the 
differences  in  performance  at  the  activation  region  can  be  attributed  to  the  anode 
catalysts. Commercial Pt  gives the best  overall performance, followed  by PtRu and 
PdIr. PtRu has a similar performance to commercial Pt at the activation region, but 
performs  worse  at  the  Ohmic  region.  PdIr  shows  a  25  mV  drop  in  performance, 
indicating that the HOR at the anode is not as facile as commercial Pt. However, after 
500 mA cm
-2, the performance of PdIr MEA deteriorates further, which could be due to 
mass transport diffusion. 
0 200 400 600 800 1000
0.0
0.2
0.4
0.6
0.8
1.0
V
o
l
t
a
g
e
 
/
 
V
Current Density / mA cm
-2
 PdIr
 Pd
 Ir
 
  
90 
 
 
Figure 5.2: Polarisation curves of single-cell operating at 80˚C with Pt (JM), PtRu (Alfa Aesar) 
and PdIr as  anode catalysts. Conditions: 5.29 cm
2 cell, 100% relative humidity anode and 
cathode, 1 atm. Load-based stoichiometry: Anode = 2.0; Cathode = 6.5 based on O2 in air. 
Polarisation curve only shows the overall performance; therefore, EIS is used to isolate 
the  individual  components  contributing  to  the  performance  of  the  MEAs  at  various 
regions. Figure 5.3 shows the Nyquist plot for all MEAs at the activation region (100 
mA cm
2). 
It  is  generally  accepted  that  in  a  PEMFC  using  Pt  in  both  anode  and  cathode,  the 
cathode charge transfer resistance is the dominant factor affecting the performance at 
the activation region due to the slow kinetics of ORR which involves the transfer of 4 
electrons  and  the  presence  of  strongly-bound  intermediates.
272,  276  The  impedance 
spectrum of Pt MEA in Figure 5.3 shows a single arc due to the cathode charge transfer 
resistance. Similar behaviour is also seen on the impedance spectrum of PtRu MEA, 
although the diameter of the arc is slightly larger. On the basis that only the anode side 
is  different  in  the  MEAs,  the  change  in  the  impedance  spectra  is  attributed  to  the 
increase in anode charge transfer resistance. 
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Figure 5.3: Nyquist plot showing the EIS data at 100 mA cm
2 for all MEAs. 
Figure 5.3 shows two distinct arcs for PdIr and Ir MEAs. The first high frequency arc is 
attributed to  the anode  charge transfer  resistance, whereas  the low frequency arc is 
attributed  to  the  cathode  charge  transfer  resistance.  This  observation  confirmed  the 
earlier results that the HOR activity of anode is not as facile as initially speculated. In 
contrast, Pd MEA shows only a single arc. It could be that, since Pd HOR kinetics is 
very slow, the anode charge transfer resistance is as significant as the cathode charge 
transfer resistance. 
The impedance spectra for all MEAs were analysed via equivalent circuit fitting and the 
results is presented in Figure 5.4. The anode charge transfer resistance is assumed to be 
negligible  for  Pt  MEA,  meaning  the  equivalent  circuit  consists  of  only  one  charge 
transfer resistance. The real axis intercept at high frequency corresponds to the Ohmic 
resistance of the cell. The Ohmic resistance measured from equivalent circuit element 
values at 100 mA cm
-2 are comparable for all MEAs and correspond to the real axis 
intercept  at  high  frequency  on  the  Nyquist  plot.  The  Rohm  comes  from  the  ionic 
resistances  of  the  membrane  and  gas  diffusion  media,  as  well  as  the  electrical  and 
contact resistances of the cell components and connecting leads. Since all MEAs use the 
same membrane and cell hardware, the Ohmic resistance is expected to be similar for all 
MEAs.  
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From  Figure  5.4c,  it  can  be  seen  that  the  cathode  charge  transfer  resistance  varies, 
especially on MEAs made from in-house synthesised anode catalysts, despite all MEAs 
using the same commercial Pt cathode. This suggests that changes at the anode side 
influences  an  alteration  in  the  charge  transfer  resistance  at  the  cathode  side.  This 
phenomenon is widely documented in the case of CO poisoning at the anode, although 
the change in cathode charge transfer resistance is usually small relative to the change in 
anode charge transfer resistance.
277, 278 In this study, one explanation could be that the 
anode  catalyst  layer  is  poorly  designed.  In  addition  to  the  large  particle  size  and 
agglomeration in the sample, the catalyst layer preparation route used in this study, such 
as ink composition and deposition method, is far from being optimised. This results in 
an uneven catalyst layer at the anode side. Considering the effective charge transfer 
reaction is influenced by the concentrations of the charged (protons) and uncharged 
species  (water),  inhomogeneous  catalyst  layer  causes  a  local  inhomogeneous 
distribution  of  protons  and  water  molecules  on  the  anode  side.  Consequently,  this 
results in a local inhomogeneous distribution of the species, and hence, inhomogeneous 
local current densities at the cathode side.  
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Figure 5.4: Equivalent circuit element fitted values for (a) ohmic resistance, (b) anode 
charge transfer resistance, (c) cathode charge transfer resistance, and (d) the sum of 
ohmic, cathode and anode charge transfer resistances for EIS data obtained at 100 mA 
cm
-2. 
Equivalent  circuit  data  fitting  shows  that  Pd  also  significantly  larger  anode  charge 
transfer  resistance  in  comparison  to  other  catalysts,  consistent  with  the  polarisation 
curves  in  Figure  5.1.  In  contrast,  PdIr  has  a  slightly  higher  anode  charge  transfer 
resistance compared to Ir, which is compensated by the lower cathode charge transfer 
resistance, thus reducing the overall resistance. In the case of Pd MEA, it is difficult to 
isolate the anode charge transfer resistance from the cathode charge transfer resistance 
since the impedance spectrum shows one big arc. Therefore, the values for Pd MEA 
reported  in  Figure  5.4  are  based  on  the  assumption  that  cathode  charge  transfer 
resistance is bigger than anode charge transfer resistance.  
Nevertheless, even if it is assumed that the cathode charge transfer resistance is the 
same for all MEAs, and the increase in total charge transfer resistance is based solely on 
the anode charge transfer resistance, the results still demonstrate that the anode HOR 
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activity decreases  in  the order of Pt  > PtRu > PdIr >  Ir  > Pd. The charge transfer 
resistance is directly related to the exchange current density (j0) based on the equation: 
 
?𝐶𝑇 =
??
???0
 
  (5.1) 
( 5.2 
) 
 
Since exchange current density is affected by the active surface area of the catalyst, the 
lower ECSA of PdIr may partly contribute to the low performance. 
The impedance spectra at the Ohmic region (500 mA cm
-2) for all MEAs are shown in 
Figure 5.5. At high current densities, typically above 500 mA cm
-2, the rate of diffusion 
of fuel and air within the electrodes begins to have an effect on PEMFC performance, 
although it is usually more prominent in the cathode. These mass transport effects due 
to diffusion of reactants produce a characteristic impedance response at low frequency 
(<100 Hz).  
 
Figure 5.5: Nyquist plot showing the EIS data at 500 mA cm
-2for all MEAs 
The mass transport resistance (Rmt) has very little effect on the overall performance of Pt 
and PtRu MEAs, but is significant for PdIr, Pd and Ir MEAs. As mentioned, PdIr, Pd 
and Ir catalysts have significantly larger particle size compared to commercial catalysts, 
resulting in uneven catalyst layer at the anode side. Therefore, the difference in mass 
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transport  resistances  may  be  attributed  to  the  mass  transport  diffusion  at  the  anode 
catalyst layer. In addition, the different GDL used in this study may partly contribute to 
the overall mass transport resistance. From Figure 5.5, it is clear that PtRu MEA has a 
comparably higher Ohmic resistance with respect to other MEAs. Seeing as all MEAs 
use the same cell hardware, the difference in the Rohm could be due to a problem with 
the membrane of PtRu MEA. 
5.2.2  Performance optimisation 
In order to  improve the performance of PdIr, an attempt was  made to improve the 
catalyst particle dispersion and ECSA. The catalyst support material is known to have a 
strong  influence  on  the  properties  of  metal  catalysts,  such  as  metal  particle  size, 
morphology,  stability  and  dispersion.  However,  it  is  difficult  to  achieve  highly 
dispersed metal nanoparticles on carbon support, especially when the metal loading is 
high. Surface modification is widely used in order to introduce functional groups on the 
carbon  surface  such  as  doping  and  introducing  oxygen  groups  by  acid/base 
treatment.
186,  193,  279  These  functional  groups  act  as  anchoring  sites  for  metal 
nanoparticles,  leading  to  improved  dispersion  and  size  control.  In  addition,  Pd 
dispersion has been shown to correlate with the amount of oxygen-containing groups 
present on carbon supports, which was attributed to increased interaction between Pd 
precursor and the surface oxygen groups.
280-285  
High metal loadings per unit area of support are usually used to minimise the thickness 
of catalyst layers on GDL. However, this leads to particle coalescence and formation of 
complex structures where the particles contact each other through grain boundaries.
286 It 
has been shown that increasing metal loading on carbon support increases the particle 
size, and that intrinsic HOR catalytic activity decreases with increasing particle size. 
Based on the above studies, 40 wt% PdIr and 20 wt% PdIr on pre-treated carbon were 
synthesised via the low-temperature chemical precipitation method described in Section 
4.1.3. The carbon was pre-treated in 0.1 M KOH at 80˚C for four hours prior to catalyst 
deposition. The catalysts are then compared with unoptimised PdIr catalyst, as well as 
commercial Pt catalyst.  
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Figure 5.6: The cyclic voltammograms of PdIr-40 (40 wt% on pre-treated carbon) and PdIr-20 
(20 wt% on pre-treated carbon) measured using RDE in N2-saturated 0.1 M HClO4 electrolyte 
at 25˚C. 
First, the catalysts were analysed using cyclic voltammetry, shown in Figure 5.6. PdIr-
20 (20 wt% on pre-treated carbon) has a larger double-layer capacitance, compared to 
PdIr-40 (40 wt% on pre-treated carbon), due to the higher amount of carbon in the 
sample. The ECSAs are found to be 27.4 m
2 g
-1 and 35.0 m
2 g
-1 for PdIr-40 and PdIr-20, 
respectively. For comparison, the ECSA of PdIr on untreated carbon is 22.3 m
2 g
-1. The 
increase in ECSA is thought to be due to an improvement in particle dispersion, as well 
as reduction in particle size, as shown in Figure 5.7. Both PdIr-40 and PdIr-20 have 
similar average particle size (ca. 4.2 nm); however, reduction of metal loading increases 
the ECSA due to smaller degree of particle coalescence. 
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Figure 5.7. TEM images and histograms showing the particle size distribution of (a) PdIr-40 
(40 wt%), and (b) PdIr-20 (20 wt%). 
The polarisation curves of PdIr MEAs in comparison to commercial Pt are shown in 
Figure 5.8. At the activation region, all PdIr MEAs have similar performance but PdIr-
20 performs slightly better than PdIr on untreated carbon and PdIr-40. The performance 
of PdIr-40 begins to deteriorate at the Ohmic region, possibly due to a problem with the 
membrane. Overall, all PdIr MEAs still perform worse than commercial Pt MEA.  
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Figure 5.8: Polarisation curves of a single-cell operating at 80˚C with Pt (JM) and PdIr as 
anode catalysts. Conditions: 5.29 cm
2 cell, 100% relative humidity anode and cathode, 1 atm. 
Load-based stoichiometry: Anode = 2.0; Cathode = 6.5 based on O2 in air. 
 
Figure 5.9: Nyquist plot of EIS data obtained at 100 mA cm
-2for Pt and PdIr anode catalysts 
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The impedance spectra obtained at  the activation region  for Pt  and PdIr MEAs are 
shown in Figure 5.9. From the results obtained in the previous section, it is likely that 
the cathode plays a significant role in reducing the overall performance of the MEAs, 
especially  at  low  current  density  where  ORR  kinetics  dominate.  Therefore,  it  is 
necessary to separate the anode loss from the other losses using EIS. The quantification 
of the various losses contributing to the performance at the activation region is shown in 
Figure 5.10.  
The cathode charge transfer resistance for all PdIr MEAs are similar, but still higher 
than that for Pt MEA despite using the same commercial Pt cathode. It is worth noting 
that the MEA fabrication method in this study is still unoptimised, which is likely to 
result  in  uneven  catalyst  later  at  the  anode  side  and  correspondingly  affecting  the 
cathode side.  
The anode charge transfer resistance decreases  as  ECSA increases.  This  shows that 
increasing  the  ECSA  reduces  the  anode  charge  transfer  resistance  of  PdIr  anode 
catalyst. However, the total charge transfer resistances of PdIr MEAs are still higher 
than that for Pt MEA, which correlates with the polarisation curves data. The anode 
charge transfer resistance indicate that the HOR activity decreases in the order of Pt > 
PdIr-20 > PdIr-40 > PdI-40.   
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Figure 5.10 The resulting equivalent circuit element fitted values of the EIS data obtained at 
100 mA cm
-2for Pt and PdIr anode catalyst MEAs showing the (a) ohmic resistance, (b) anode 
charge transfer resistance, (c) cathode charge transfer resistance, and (d) the sum of ohmic and 
charge transfer resistances. 
The results above highlight the importance of catalyst layer design for PEMFC and the 
disadvantage of in-situ testing to screen new catalysts. The formation of the TPB is 
crucial in in-situ testing in order to maximise catalyst utilisation, which may not always 
be optimised for new catalysts. Catalyst utilisation relies on a number of properties such 
as ECSA, structure and distribution of ionomer, as well as interactions between ionomer 
and catalyst and catalyst support. As mentioned previously, the HOR is very fast in 
acidic electrolyte and therefore, RDE is not suitable. A new technique to study the 
kinetics of HOR catalytic activity using H2 pump configuration with mass-transport free 
PEMFC based MEAs has been proposed.
24, 268, 287 However, this technique still requires 
the use optimised catalyst layer and MEA. 
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It is worth noting that the Pt anode used in this study is highly optimised with an ECSA 
in the region of 60 m
2
 g
-1,
271 twice higher than that of PdIr-20. A fair comparison would 
be to use in-house synthesised Pt catalyst and MEA fabricated using the same method. 
Nevertheless, this suggests that there is still room for improvement for PdIr catalyst. 
Further  optimisation  of  the  MEA  preparation  route,  including  ink  composition  and 
deposition  method,  is  needed  to  achieve  uniform  distribution  of  the  catalyst  and 
ionomer  layer.  Optimisation  of  metal  loading  on  carbon  with  respect  to  particle 
dispersion and morphology is also needed.  
5.2.3  CO tolerance 
In addition to high activity, it is highly appropriate that an anode catalyst is also CO 
tolerant. The CO polarisation curves for Pt and PtRu are shown in Figure 5.11. For Pt, 
the polarisation curves are linear at 25–50 ppm CO but two distinct slopes are seen for ≥ 
100  ppm  CO.  Similar  CO  polarisation  curve  behaviour  for  Pt  is  observed  in  the 
literature.  The  two  distinct  slopes  are  speculated  to  be  due  to  higher  rates  of  CO 
oxidation to CO2 at high current densities, leading to higher HOR rates. Despite the 
noise in the PtRu CO tolerance data, it can be clearly seen that PtRu exhibits higher 
performance than Pt in all CO concentrations, especially at low current densities (0 – 
300 mA cm
-2). 
The effect of CO on the catalyst performance of PdIr catalysts is shown in Figure 5.12. 
PdIr-40 refers to 40 wt% PdIr on untreated carbon and PdIr-20 refers to 20 wt% PdIr on 
pre-treated carbon. PdIr-20 exhibits the best performance at low CO concentrations (25-
50 ppm); however, the performance drops significantly at higher CO concentrations 
(≥100 ppm). PdIr-1 has the worst performance, even at low CO concentration.   
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Figure 5.11: CO polarisation curves for (a) Pt and (b) PtRu MEAs operating with H2/CO fuel 
with various CO concentrations in a single-cell operating at 80˚C. Conditions: 5.29 cm
2 cell, 
100% relative humidity anode and cathode, 1 atm. Stoichiometry: Anode = 2.0, constant flow 
rate; Cathode = 6.5 based on O2 in air, load-based. 
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Figure 5.12: CO polarisation curves for Pt, PtRu and PdIr MEAs operating with H2/CO fuel 
with various CO concentrations in a single-cell operating at 80˚C. Conditions: 5.29 cm
2 cell, 
100% relative humidity anode and cathode, 1 atm. Stoichiometry: Anode = 2.0, constant flow 
rate; Cathode = 6.5 based on O2 in air, load-based. 
Based  on  the  results  obtained  by  CO-stripping  voltammetry  in  Chapter  5,  the  CO 
tolerance of PdIr catalyst is attributed to the low CO coverage at the hydrogen region, 
indicating that the availability of free sites for hydrogen adsorption and oxidation is 
responsible for the CO tolerance observed in the CO polarisation curves. Therefore, the 
ECSA plays an important role in the performance enhancement. As PdIr-40 has a very 
low ECSA, there may  not  be enough active surface area to  sustain  electrochemical 
reaction even at low CO concentrations. Similarly, at high CO concentrations, there are 
not enough active sites available to participate in hydrogen oxidation for PdIr-20. In 
PtRu, the CO tolerance is  attributed to the bifunctional  effect of Ru  promoting the 
oxidation of CO on Pt, and therefore the ECSA plays a less important role. 
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5.3  Conclusions 
The performance of PdIr (1:1, 40 wt%) as an anode catalyst was characterised in a real 
PEMFC. The MEAs was prepared in-house with commercial Pt electrodes used at the 
cathode, and compared to commercial Pt and PtRu anode electrodes. Since the cathode 
plays  a  bigger  role  in  determining  the  overall  performance  of  the  MEA,  EIS 
measurements were used to determine the HOR charge transfer resistance and exchange 
current density. Initial testing shows HOR activity in the order of Pt > PtRu > PdIr > Ir 
> Pd. EIS measurements also revealed that the cathode charge transfer resistance is 
consistently higher for MEA with in-house synthesised anode catalysts (PdIr, Pd and 
Ir).  The  bigger  particle  size  and  severe  agglomeration  seems  to  affect  the  cathode 
catalyst layer during MEA fabrications. 
Further optimisation by pre-treating the carbon support and reducing the metal loading 
on  carbon  improves  the  particle  dispersion,  resulting  in  a  higher  ECSA.  The  new 
optimised catalyst (PdIr/C, 1:1, 20 wt%) has a lower anode charge transfer resistance. 
However,  the  performance  is  still  worse  than  commercial  Pt  MEA.  Additional 
optimisation  of  the  PdIr  catalyst  in  terms  of  particle  size  distribution  and  ink 
composition  to  further  enhance  the  catalyst  utilisation  could  offer  improvement  in 
performance. 
Finally, the CO tolerance of PdIr was compared to Pt and PtRu. The results suggest that 
the ECSA plays an important role in the CO tolerance of PdIr catalyst. CO-stripping 
voltammetry in Chapter 5 shows that the surface of PdIr is not fully poisoned by CO. 
PdIr-20  (20  wt%)  with  improved  ECSA  has  the  best  tolerance  at  low  CO 
concentrations.  However, at CO concentrations higher than 50 ppm, the CO tolerance 
was worse, indicating that the available unpoisoned surface area was not sufficient to 
maintain  the  reaction.  PdIr-40  (40  wt%)  exhibits  poor  performance  at  all  CO 
concentrations due to its low ECSA. The results suggest that PdIr catalyst could replace 
Pt in applications where low level of CO is present. 
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Given  the  similar  durability  observed  for  PdIr  and  Pt  catalyst  (on  the  same  carbon 
support) in ex-situ tests, it is likely that PdIr MEA would show similar performance 
degradation to Pt MEA. However, a long-term in-situ durability testing is required to 
verify the results, which is currently not possible in this work due to constraints on time 
and equipment. 
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Chapter 6 
6  Alternative Catalyst Supports: Graphitic-Carbon Nitrides 
6.1  Background 
In addition to activity, the stability of supported electrocatalysts is another important 
consideration and is influenced by the following two eﬀects: (1) stability of the support 
materials and the metals in electrochemical environments, and (2) interaction between 
the metal and the support materials. Currently, there is little work in the literature on the 
use of graphitic carbon nitride in electrocatalysis, although this is expected to change in 
the near future. The first application of graphitic carbon nitride as a catalyst support was 
reported by Yu et al. in 2007, where it was shown that PtRu supported on graphitic 
carbon nitride in DMFCs exhibits 78-83% higher power density than on Vulcan XC-
72.
221 However, no durability studies have been performed yet. In this study, catalysed 
and  non-catalysed  polymeric  carbon  nitride  materials  (gCNM)  were  prepared  and 
characterised  physically  and  electrochemically.  In  addition,  durability  studies  were 
performed using an accelerated stress-testing protocol. 
6.2  Experimental 
6.2.1  Synthesis of Graphitic Carbon Nitride 
Polymeric  carbon  nitride  (gCNM)  was  prepared  by  thermolysis  and  condensation 
reactions of a 1:1 molar ratio mixture of dicyandiamide (DCDA, C2N4H4) and melamine 
(C3N6H9) at 550˚C. A finely ground sample was loaded in an alumina boat into a quartz 
tube in a tubular furnace under nitrogen flow. The temperature was raised to 550˚C at 
5˚C/min for 15 h. 
6.2.2  Synthesis of Pt/gCNM 
The Pt catalyst was deposited onto gCNM using the ethylene glycol reduction method 
(polyol method). Ground gCNM (0.09 g) was dispersed in 200 mL of ethylene glycol 
(Fisher Scientific) and chloroplatinic acid (39.82% Pt basis, 0.1507 g, Sigma Aldrich) 
was  added  to  the  suspension.  The  mixture  was  stirred  for  4  hours  under  inert 
atmosphere and then heated to 140°C for 3 hours, resulting in a dark brown mixture.  
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The solid product was collected via vacuum filtration and dried at 60°C in a vacuum 
oven. The Pt loading was fixed at 40 wt%. 
6.2.3  Structural and Compositional Characterization 
C, N, H analyses for gCNMs were performed using a Carlo-Erba EA1108 system. SEM 
was performed with a JEOL JSM-6301F field emission imaging system at 5 kV. TEM 
images were taken using a JEOL JEM1010 instrument operating at 80 kV, equipped 
with a Gatan Orius camera system. HR-TEM images were taken using JEOL CX-100 
operating at 200 kV. The X-ray diffraction data were obtained using a Bruker-AXS D4 
system for the support materials, and STOE powder diffractometer for the supported 
catalyst materials. BET measurements were carried out using a Micrometrics ASAP 
2420 Surface Area / Porosity Analyser. 
6.2.4  Electrochemical Characterisation 
The performance of gCNM was compared to Vulcan XC-72R (Cabot corp.), whereas 
the performance of catalysed Pt/gCNM (40 wt% Pt/gCNM) was compared to Pt/Vulcan 
(40 wt%, HiSPEC 4000, Alfa Aesar). Commercially available HiSPEC4000 catalysts 
are platinum supported on Vulcan XC-72R carbon.
288 Electrochemical measurements 
were  carried  out  in  a  conventional  three-electrode  cell  connected  to  an  Autolab 
PGSTAT32 potentiostat. The electrode ink was prepared by dispersing the material in 
70% isopropanol and ultrasonicating the mixture for 30 minutes. The ink was deposited 
on the GC and dried at room temperature, resulting in a loading of 52.5 µg cm
-2 for 
gCNM and 35 µg cm
-2 for Pt/gCNM. All electrochemical measurements were carried 
out at 25°C in 0.1 M HClO4, except for MOR which was carried out in 1 M CH3OH + 
0.1 M HClO4. The electrolyte was thoroughly purged with N2
 for 30 minutes prior to 
every experiment. All chemicals used were analytical grade and solutions were prepared 
with deionised water (Millipore, 18.2 MΩ.cm). 
An  accelerated  stress  testing  protocol  to  induce  carbon  corrosion  was  used  for  the 
durability test. One cycle involves applying a voltage hold at 1.0 V for 30 seconds 
followed by two sequences of voltage cycling between 1.0 – 1.5 V at 0.5 V s
-1. The 
change in cyclic voltammogram (capacitance) was monitored after 1, 10, 20, 50, 100,  
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200, 500, 1000 and 2000 cycles. The test was conducted at 60°C in N2 purged 0.1 M 
HClO4. 
6.3  Results and discussions 
6.3.1  Synthesis and chemical characterisation 
6.3.1.1  gCNM 
Layered carbon nitride was prepared by thermolysis and condensation reactions of 1:1 
molar ratio mixtures of dicyandiamide (C2N4H4) and melamine (C3N6H9) at 550˚C for 
15 h.
116 Finely ground samples were heated in a tubular furnace under N2 flow at 5˚C 
per  minute  and  allowed  to  cool  to  room  temperature  before  being  removed.  Upon 
heating, the condensation process takes place by removal of NH3 species leading to 
materials with different C:N:H stoichiometry depending on the synthesis temperature.
116 
The product obtained is pale yellow in colour and elemental analysis revealed that the 
material had a composition of C3.0N5.2H1.6. 
 
Figure 6.1: X-ray diffraction pattern (a) and SEM image (b) of a typical layered carbon nitride 
prepared by thermal condensation of DCDA/melamine 1:1 molar ratio. 
A typical X-ray diffraction pattern (XRD) is shown in Figure 6.1(a). The strong peak at 
~27.5˚ 2θ corresponds to a repeat distance of ~0.32 nm that correlates with the 002 
reflection  usually  observed  for  graphitic  materials.  The  feature  around  12.5˚  2θ 
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corresponds to an in-plane repeat distance of 0.70 nm that matches with the dimensions 
of polyheptazine or polytriazine structures within the layers. 
Scanning  Electron  Microscope  (SEM)  examination  indicates  that  gCNM  exhibits  a 
latticework of interlocking planar microstructures with individual layer thicknesses on 
the order of 2-3 nm that give rise to porous aggregates with pore sizes on the order of a 
few nm. This material is not highly condensed and its structure is believed to be close to 
that of Liebig’s melon.
201 The aggregates are fused together to give rise to much larger 
pores (1-2 µm) in the resulting solid, as shown in Figure 6.1. The microstructures, with 
surface  terminations,  defects  and  nitrogen  atoms,  are  believed  to  be  beneficial  for 
electron localisation or for anchoring active sites.
215  
The  BET  measurements  showed  a  surface  area  of  28  m
2  g
-1.  Thermal  gravimetric 
analysis  (TGA)  reveals  that  gCNM  begins  to  decompose  at  above  ∼440˚C,  and 
decomposition was complete by 670˚C, indicating high thermal stability. Indeed, the 
thermal stability of graphitic carbon nitride is one of the highest for an organic material, 
although  it  is  highly  dependent  on  the  preparation  methods  and  degrees  of 
polymerisation.
215 
6.3.1.2  Pt/gCNM 
The average particle size for Pt/gCNM is estimated to be 8.0 nm. In comparison, the 
average particle size of Pt/Vulcan is 4.2 nm, as shown in Figure 4.2. As gCNM has one 
order of magnitude less BET surface area compared to Vulcan XC-72R carbon, the 
same mass percentage loading of Pt nanoparticles on Vulcan XC-72R carbon result in 
higher Pt particle density on gCNM, which could be observed by TEM (Figure 6.2). As 
a result, the metal particles are in close proximity to each other, thus particle migration 
and sintering is greater.  
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Figure 6.2: (a) TEM image and (b) particle size distribution of Pt/gCNM 
Figure  6.3  shows  the  X-ray  diffraction  pattern  of  Pt/Vulcan  and  Pt/gCNM.  The 
characteristic Pt nanoparticles peaks at 39.8° 2θ and 46.5° 2θ correspond to Pt 111 and 
200 reflections, respectively. The peaks for Pt/gCNM are sharper, indicating a higher 
degree of crystallinity and larger particle sizes. Average Pt crystallite sizes calculated 
from  111  signal  widths  using  the  Scherrer  equation
289 is  8.9  nm,  which  is  in  good 
agreement with the TEM images.  
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Figure 6.3: X-ray diffraction pattern of (a) Pt/Vulcan (Alfa Aesar) and (b) Pt/gCNM 
6.3.2  Durability studies 
The stability of the gCNM and Vulcan XC-72R carbon was determined by observing 
the change in double-layer capacitance in the cyclic voltammetry measurements while 
performing  the  carbon  corrosion  test,  as  shown  in  Figure  6.4.  The  capacitance  was 
calculated at 0.40 V and normalised to the 10
th scan. Capacitance increases with the 
number of scans due to an increase in surface area and concentration of hydrophilic 
carbon  corrosion  products  with  oxygen  functionalities  at  the  surface  of  the  carbon 
support.
274, 290 The presence of oxygen functionalities reduces the durability of PEMFC 
catalysts by promoting carbon corrosion. In addition, a more hydrophilic surface may 
affect  water  management  in  fuel  cells  and  potentially  contribute  to  performance 
instability and variability. 
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Figure 6.4: The evolution of cyclic voltammograms of (a) Vulcan, and (b) gCNM during the 
accelerated carbon corrosion cycling. 
Figure 6.5 shows the corrosion behaviour of gCNM in comparison to Vulcan. For the 
first 100 cycles, both materials show a similar degree of corrosion/surface modification. 
However,  above  100  cycles,  Vulcan  continues  to  corrode,  whereas  gCNM  is  more 
resistant, exhibiting a near plateau behaviour. At the end of the 2000 cycles, Vulcan 
shows a 166% change in capacitance whereas gCNM only shows a 133% change. 
 
Figure 6.5: Change in double-layer capacitance (at 0.40 V) of the support materials as a result 
of accelerated carbon corrosion cycling. 
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The durability of catalysed gCNM (Pt/gCNM) is compared to Pt/Vulcan. The CVs of 
Pt/Vulcan and Pt/gCNM are displayed in Figure 6.6. Since the hydrogen region for 
Pt/gCNM is not as well defined as for Pt/Vulcan, the ECSA for Pt/gCNM is calculated 
from  hydrogen  desorption  region  (0.10  V  to  0.40  V).  The  ECSA  calculated  for 
Pt/Vulcan and Pt/gCNM  are  28.6 m
2  g
-1 and 7.2 m
2  g
-1, respectively. As expected, 
Pt/gCNM has a smaller ECSA due to larger particle size and agglomeration (8.0 nm 
compared to 4.2 nm for Pt/Vulcan). In addition, gCNM is not very soluble in the solvent, 
resulting  in  uneven  electrode  layer  on  the  glassy  carbon  surface,  which  means  that 
catalyst utilisation is very low. 
 
Figure 6.6: The evolution of cyclic voltammograms of (a) Pt/Vulcan, and (b) Pt/gCNM during 
the accelerated carbon corrosion cycling. 
The degree of the catalysed carbon corrosion was evaluated using the same accelerated 
protocol. The CV was recorded and ECSA was calculated as part of the diagnostic, as 
shown  in  Figure  6.7.  The  decrease  in  ECSA  is  believed  to  be  due  to  platinum 
agglomeration and dissolution as a result of carbon corrosion.
274, 291, 292 After 2000 scans, 
the ECSA decreased by 36.3% for Pt/Vulcan and 75.6% for Pt/gCNM, despite gCNM 
having higher degree of corrosion tolerance. The lower durability of Pt/gCNM could be 
attributed to the lower ECSA and presence of agglomeration, which indicates that the 
catalyst deposition method is not optimized. 
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Figure  6.7.  The  change  in  ECSA  (calculated  from  hydrogen  adsorption/desorption)  of  the 
supported Pt electrocatalsysts as a result of accelerated carbon corrosion cycling. 
6.3.3  Electrocatalytic Activity 
The catalytic activity of Pt/gCNM was examined to further investigate the potential 
application  of  gCNM  in  PEMFCs.  It  is  believed  that  gCNM  has  inherent  catalytic 
activity
293 and the use of gCNM as a catalyst support has been shown to significantly 
improve the performance of DMFCs.
221 
Figure 6.8(a) shows the ORR polarization curves for both Pt/Vulcan and Pt/gCNM. 
Both Pt/Vulcan and Pt/gCNM have similar onset potential; however, the current density 
for Pt/gCNM increases at a slower rate up to 2.5 mA cm
-2. The poor current density 
could be attributed to the low surface area, which limits the number of active sites, as 
well as the poor conductivity of gCNM. The Levich-Koutecky plot extracted from the 
ORR polarization curves at various rotation rates is presented in Figure 6.8(b) and the 
results are summarized on Table 6.1. The specific activity of Pt/gCNM is 5 times higher 
than that for Pt/Vulcan, which indicates that Pt/gCNM has a higher ORR activity per 
ECSA. The mass activity is small because of the low ECSA. 
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Figure 6.8. (a) Oxygen reduction reaction polarisation curves at 1600 rpm in O2-saturated 0.1 
M HClO4, and (b) Levich-Koutecky plot at 0.90 V for Pt/Vulcan and Pt/gCNM. 
In order to evaluate the methanol oxidation activity, CV measurements were conducted 
with  the  Pt/Vulcan  and  Pt/gCNM  electrode  immersed  in  a  1  M  methanol  +  0.1  M 
HClO4 solution. It is generally accepted that low overpotential and high peak current 
density is an indication of good MOR activity. The current density is normalised to the 
ECSA of each respective material due to the substantial differences in ECSA. Figure 6.9 
shows  that  the  best  performance  for  methanol  oxidation,  normalised  to  the 
electrochemical surface area, is achieved on Pt/gCNM, with peak potential of 0.850 V 
(ca. 0.903 V for Pt/Vulcan) and peak current density of 3.21 mA cm
-2
ECSA, almost 4 
times higher than that for Pt/Vulcan. MOR peak potential values may be influenced by 
particle  size  effects:  a  smaller  Pt  nanoparticle  enhances  the  oxidation  of  poisoning 
intermediates and hence, decreases the peak potential.
294 Given the difference in the 
particle size of both materials, with Pt/gCNM having the larger particle size, we can 
eliminate particle size effect on the decrease in the peak potential. This indicates that the 
use of gCNM as catalyst support leads to true intrinsic MOR catalytic enhancement. 
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Figure 6.9. Methanol oxidation reaction of Pt/Vulcan and Pt/gCNM electrocatalyst in 1 M CH3-
OH + 0.1 M HClO4 at 25°C. 
Table 6.1: The ORR specific activity, mass activity, methanol oxidation peak potential (Epeak) 
and  maximum  methanol  oxidation  reaction  current  density  (jmax)  of  supported  Pt 
electrocatalysts. 
  ORR  MOR 
Specific Activity 
(µg cm
-2
ECSA) 
Mass Activity 
(A mg
-1
Pt) 
Epeak  
(V) 
jmax  
(mA cm
-2
ECSA) 
Pt/Vulcan  396  0.15  0.903  0.821 
Pt/gCNM  2050  0.02  0.850  3.21 
 
The  results  suggest  that  gCNM  has  intrinsic  catalytic  activity  for  ORR  and  MOR, 
corroborating the results reported in the literature. However, the low surface area of 
gCNM  is  still  a  huge  barrier  –  if  the  surface  area  can  be  improved,  it  may  be  a 
promising material as a catalyst support for fuel cells. 
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6.3.4  Synthesis optimisation 
6.3.4.1  Higher pH conditions and low metal loading 
In order to enhance catalyst utilisation of Pt on gCNM electrocatalyst, it is necessary to 
reduce  the  particle  size  and  improve  the  particle  dispersion  on  the  support.  In  the 
previous  section,  the  ethylene  glycol  reduction  method  was  chosen  due  to  its 
straightforwardness and has been shown to produce catalyst with narrow particle size 
distribution in comparison to the chemical precipitation method. Ethylene glycol has 
high  dielectric  constant  and  reduction  ability.  At  high  temperatures  ethylene  glycol 
decomposes to generate reducing species for the reduction of the metallic ions to metal 
particles.
295 Thus, ethylene glycol acts as both a solvent and a protecting agent. Poly-
vinylpyrrolidone (PVP) was commonly employed as a steric stabiliser but some studies 
have showed that this material strongly absorbs on Pt metals, resulting in unsupported 
Pt  nanoparticles.
296  It  was  found  that  the  pH  of  the  Pt  precursor  solution  plays  an 
important role in controlling the particle size during the synthesis – high pH (7.4 – 9.2) 
result  in  a  more  uniform  Pt  dispersion.
295,  297,  298  The  following  mechanism  was 
proposed to explain the pH effect during the formation of the Pt nanoparticles: 
??2?? − ??2??  → ??3??? + ?2?  (6.1) 
  2??3??? + [????6]2− + 6??− → 2??3???− + ?? + ??− + 4?2?   (6.2) 
  The acetate (CH3COO
-) forms chelate-type complexes to the Pt via its carboxyl group 
and acts as a stabiliser for the Pt atoms. At low pH, this interaction is poor, resulting in 
agglomerated metal nanoparticles with large size and wide size distribution.
295  
Normally, high metal loading is desirable in order to produce thin electrodes. However, 
as shown above, gCNM has lower BET surface area and therefore the metal loading has 
to be reduced in order to prevent agglomeration. As such, three Pt/gCNM catalysts at 
various loadings (5 wt%, 10 wt% and 20 wt%) were synthesised using the same polyol 
method  but  at  higher  pH.  0.1  M  KOH  was  added  dropwise  into  the  solution  and 
maintained at pH 9 for 30 minutes, before the temperature was increased.   
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The resulting catalysts were examined using TEM, as shown in Figure 6.10. All metal 
loadings resulted in small particle size (2.7 – 3.4 nm) with narrow size distribution. At 
20 wt%, the Pt nanoparticles are still agglomerated, indicating that the metal loading is 
still high. At 5 wt%, the loading is too low so the surface of the support is not fully 
coated with the Pt nanoparticles. 10 wt% appears to be the optimum metal loading with 
uniform dispersion of Pt nanoparticles. 
Figure 6.10. The TEM images particle size distribution of Pt/gCNM at various metal loadings: 
(a) 5 wt% Pt, (b) 10 wt% Pt, and (c) 20 wt% Pt. 
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The catalysts were then characterised electrochemically to determine their ECSA. At 20 
wt%,  an  ECSA  of  2  m
2  g
-1  was  obtained,  which  is  much  lower  than  at  40  wt%. 
Interestingly, below 10 wt% there does not appear to be any distinctive Pt peaks in the 
cyclic voltammogram. The reason is not clear but one explanation could be that, since 
gCNM has a two-dimensional structure, the catalysts are being horizontally stacked on 
the gCNM layers, as illustrated in Figure 6.11. This results in a loss of active sites, even 
at high metal loading, as most metal nanoparticles are superimposed in between the 
layers. At low loading, most of the metal nanoparticles will be shielded, resulting in an 
almost complete loss of active sites. In addition, the poor conductivity of gCNM means 
the buried metal nanoparticles are not accessible. 
 
Figure 6.11. Schematic diagram of Pt/gCNM at (a) high metal loading, and (b) low metal 
loading. 
6.3.4.2  Addition of spacer material 
In light of the difficulty encountered above, a more effective strategy is required to 
improve  catalyst  utilisation  on  gCNM.  It  was  reported  that  the  addition  of  spacing 
material,  such  as  carbon  black,  disrupts  the  horizontal  stacking  of  graphene  sheets, 
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making  them  randomly  distributed.
299  Since  gCNM  has  the  same  two-dimensional 
structure as graphene, theoretically the same approach could be used to increase the 
utilisation of Pt on gCNM, as illustrated in Figure 6.12. 
 
Figure 6.12. Pt supported on gCNM with the addition of spacers. 
In the first set of experiments, catalyst ink was prepared by ultrasonicating 10  wt% 
Pt/gCNM with Vulcan carbon (10 wt%) and Nafion solution in IPA. However, this 
resulted in two layers of slurry with well-dispersed carbon on top and Pt/gCNM in the 
bottom layer. Pt/gCNM was separated due to the huge difference in solubility. A second 
attempt was made by synthesising 10 wt% Pt on a blend of gCNM and Vulcan carbon 
via  high  pH  ethylene  glycol  reduction  method.  This  also  resulted  in  two  layers  of 
catalyst ink.  
6.3.4.3  Protonated gCNM 
Based  on  the  results  above,  it  is  clear  that  the  insolubility  of  gCNM  makes 
characterisation  and  processing  difficult.  One  strategy  to  increase  the  solubility  of 
gCNM is by direct protonation with strong acid. Zhang and co-workers demonstrated 
that adding protons to gCNM led to better degree of dispersions in aqueous solutions, a 
four  times  increase  in  BET  surface  area  (8  to  30  m
2  g
-1),  as  well  as  higher  ionic 
conductivity.
300  
Pt nanoparticle
gCNM
Spacer 
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Therefore, gCNM was first stirred in HCl (37%) for 3 hours at room temperature. This 
changed the colour of the powder from  yellow to  pale  yellow. Zhang reported that 
protonation blue-shifts the optical band gap of gCNM.
300 Next, Pt at various loadings 
(10 wt% and 20 wt%) was deposited on gCNM/H
+Cl
- via the ethylene glycol reduction 
method.  The  resulting  catalysts  were  characterised  using  TEM  and  electrochemical 
methods. 
 
Figure 6.13. TEM image and particle size distribution of Pt/gCNM-H
+Cl
-at (a) 10 wt% Pt and 
(b) 20 wt% Pt. 
Figure 6.13 shows the TEM images of both catalysts and their particle size distribution. 
At 10 wt% metal loading, the average particle size is 3.0 nm with narrow particle size 
distribution.  However,  the  Pt  nanoparticles  are  not  well-dispersed,  with  many  areas 
uncoated and agglomeration formed at random. At 20 wt%, the average particle size is 
bigger  and  agglomeration  also  exists;  however,  the  surface  is  fully  coated  with  Pt. 
Electrochemical  testing  resulted in  a 10 m
2 g
-1 ECSA for 20 wt% Pt/gCNM-H
+Cl
-, 
20 nm
50 nm
1 2 3 4 5 6
0
5
10
15
20
25
30
C
o
u
n
t
Particle Size / nm
Average size: 3.0 nm 
 
 
2 3 4 5 6 7 8 9 10 11
0
5
10
15
20
C
o
u
n
t
Particle Size / nm
Average size: 5.1 nm
 
 
(a)
(b)
10 wt%
20 wt% 
122 
 
indicating that protonation is an effective method to enhance the surface area as well as 
catalyst utilisation. However, no Pt peaks was found on 10 wt% Pt/gCNM-H
+Cl
-. It is 
important to note that both catalysts dispersed very well in IPA solution during the ink 
fabrication,  indicating  that  the  protonation  was  successful  and  the  electrode  quality 
should  not  be  a  barrier.  Even  though  protonation  increases  the  surface  area  and 
solubility, gCNM-H
+Cl
-  still retains its stacked structure, which brings us back to the 
first problem whereby catalyst active sites are obscured in between the gCNM sheets. 
Nevertheless, mixing the catalyst ink with carbon did not improve the result. 
6.3.4.4  Future work: exfoliated and protonated gCNM 
Even though protonation was successful in increasing catalyst utilisation, it is still far 
from achieving high efficiency. It is clear that a combination of strategies is required to 
fully  utilise  the  potential  of  gCNM  for  electrocatalysis  purposes.  Recently,  it  was 
reported  that  it  is  possible  to  exfoliate  bulk  gCNM  into  nanosheets  using  a  simple 
protocol.
301 The resulting nanosheets retain the structure of gCNM but with improved 
solubility and higher surface area (~384 m
2 g
-1). SEM, TEM and AFM analysis reveal a 
uniform thickness of ≈ 2 nm with less than 9 layers of nanosheets, with morphology 
similar to graphene or graphene oxide. 
Therefore,  for  future  work,  it  is  proposed  that  a  combination  of  exfoliation  and 
protonation may offer a more successful pre-treatment route for gCNM. In addition, the 
inclusion  of  spacing  materials  in  the  catalyst  ink  is  likely  to  improve  the  catalyst 
utilisation on the exfoliated and protonated gCNM. 
6.4  Conclusions 
Graphitic-carbon  nitride  materials  (gCNM)  are  investigated  for  developing  highly-
durable catalyst supports for PEMFCs. The gCNMs are more electrochemically stable 
compared  to  conventional  carbon  black  (Vulcan  XC-72)  following  accelerated 
corrosion testing. After 2000 scans, the gCNM shows a 133% increase in double-layer 
capacitance  compared  to  166%  for  Vulcan.  Despite  the  high  durability,  Pt/gCNM 
exhibits a large ECSA loss compared to Pt/Vulcan. This was attributed to the lower 
ECSA and presence of agglomeration on Pt/gCNM. Superior methanol oxidation and  
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oxidation  activity  is  observed  for  Pt/gCNM  on  the  basis  of  the  catalyst  ECSA, 
indicating that gCNM also acts as a co-catalyst. 
However, further work is required to realize the potential of gCNM as a catalyst support. 
An attempt was made to reduce Pt particle size and improve particle dispersion on 
gCNM. This includes increasing the pH of the synthesis solution, reducing the metal 
loading, and pre-treating the carbon. The main difficulty encountered is the insolubility 
of gCNM. Nevertheless, it was shown that protonating the gCNM in acid improves the 
solubility as well as catalyst utilisation. For future work, a combination of exfoliation 
and protonation as a pre-treatment route for gCNM is proposed. 
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7  Modified Graphitic Carbon Nitride as Catalyst Support 
7.1  Background 
As mentioned in Section 2.3.5, graphitic carbon nitride is highly tunable and there are a 
large number of reports in the literature on the modifications of the material.
215 The 
second material studied in this work is a highly crystalline carbon nitride (PTI-Li
+Cl
-) 
prepared by a simple  self-condensation  of dicyandiamide in  molten eutectic  lithium 
chloride and potassium chloride. Chemical modification via elemental doping is also an 
effective way for tuning the physicochemical properties of graphitic carbon nitride,
208, 
302 and therefore, a third material – boron-doped carbon nitride (B-gCNM) – is also 
synthesised in this study.  
7.2  Experimental 
The same protocol was followed as described in Chapter 6. However, platinum loading 
on support was reduced to 20 wt% to reduce agglomeration.  
7.2.1  Synthesis of PTI-Li
+Cl
- 
Crystalline  poly(triazine)imide  (PTI/Li
+Cl
-)  was  synthesized  from  DCDA  in  molten 
eutectic LiCl/KCl (45:55 wt%) mixtures heated at 400˚C under N2 (g) for 6 h then 
sealed under vacuum and heated to 600˚C for 12 h. 
7.2.2  Synthesis of B-gCNM 
B-doped graphitic carbon nitride (B-gCNM) was prepared by using ionic liquids. In a 
typical  synthesis,  1-butyl-3-methylimidazolium  tetrafluoroborate  (BmimBF4)  was 
dissolved in water and stirred for 5 min. Then DCDA was added and the mixture was 
heated at 100˚C in an oil bath until the water completely evaporated. The resulting solid 
was then heated in an alumina crucible for 2 h at 350˚C and kept at this temperature for 
4 h. Then, the temperature was raised to 550˚C for another 4 h, and finally cooled to 
room temperature. 
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7.2.3  Post-mortem analysis 
Following AST, the catalyst was scraped off the surface of the glassy carbon carefully 
by dissolving it in methanol. The catalyst was then re-deposited onto a TEM grid and 
TEM was applied to determine the final morphology of the catalysts. 
7.3  Results and discussions 
7.3.1  Synthesis and chemical characterisation 
7.3.1.1  PTI-Li
+Cl
- 
Poly(triazine)  imide  carbon  nitride  (PTI/Li
+Cl
-)  was  prepared  using  an  ionothermal 
route.  This  method  allowed  us  to  obtain  a  highly  crystalline  carbon  nitride  using 
relatively mild conditions.  In a typical synthesis, DCDA was mixed with a eutectic 
mixture of LiCl/KCl (45:55 wt%) and heated at 400
oC for 6 h under nitrogen followed 
by a thermal treatment under high vacuum at 600
oC for 12 h, resulting in a yellow-
brown powder. The PTI-Li
+Cl
- compound exhibits a sharp series of peaks in the X-ray 
diffraction pattern consistent with a P63cm unit cell (Figure 7.1a).
303, 304 The hexagonal 
symmetry of the PTI-Li
+Cl
- can be clearly seen in the SEM images of the hexagonal-
shaped  crystallites  (Figure  7.1b),  which  is  consistent  with  the  literature.
303,  305  This 
material is a triazine-based (C3N3)2(NH)3. LiCl structure with Li
+ and Cl
- intercalated 
both within and between the graphitic layers, respectively.
304 
 
Figure 7.1. X-ray diffraction pattern (a) and SEM image (b) of a poly(triazine)imide carbon 
nitride prepared by ionothermal route. 
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The BET surface area of PTI/Li
+Cl
- is reported to be ~37 m
2 g
-1, which is slightly higher 
than that for gCNM.
305 Due to its highly crystalline structure, PTI/Li
+Cl
− was reported 
to be a highly efficient photocatalyst for water splitting, especially when coated with 
Pt,
305, 306 but there has not been any reports on its applications in fuel cells. 
7.3.1.2  B-gCNM 
1-butyl-3-methylimidazolium  tetrafluoroborate  (BmimBF4)  ionic  liquid  was  used  to 
modify the electronic structure of gCNM by substituting C ([He] 2s
22p
2) by B ([He] 
2s
22p
1). BmimBF4 acts also as soft-template inducing higher porosity in the material.
208 
The X-ray diffraction pattern (Figure 7.2a) is dominated by the (002) interlayer-stacking 
reflection usually observed in gCNMs. The higher porosity of B-gCNM compared to 
gCNM and PTI-Li
+Cl
- is clearly seen in the SEM images (Figure 7.2b). A homogeneous 
porosity with pores of about 50-75 nm were detected. These pores were considerably 
smaller than those observed in gCNM. The BET surface area of B-gCNM synthesised 
using the same method is reported to be 444 m
2 g
-1, which is significantly larger than 
that for gCNM.
208 Although the use of boron-doped carbon as catalyst support has been 
widely  studied  in  the  literature,  the  use  of  boron-doped  graphitic  carbon  nitride  as 
catalyst support for fuel cells has never been studied before. 
 
Figure 7.2. X-ray diffraction pattern (a) and SEM image (b) of B-gCNM doped with 10 wt% B. 
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7.3.2  Characterisation of supported catalysts 
Platinum was deposited onto the supports via the ethylene glycol method. However, in 
this case the metal loading was reduced to 20 wt%. The materials were characterized via 
XRD and TEM. The XRD patterns (Figure 7.3) confirm the presence of platinum in 
each sample as characterized by the peaks at 39.8° 2θ and 46.5° 2θ corresponding to Pt 
111 and 200 reflections, respectively.  
 
Figure  7.3.  X-ray  diffraction  patterns  of  supported  Pt  electrocatalysts.  Peaks  for 
nanocrystalline Pt are significantly stronger than gCNM features. Inset: Magnification of the 
XRD pattern pf Pt/PTI-Li
+Cl
- confirming the presence of PTI-Li
+Cl
-. 
The TEM images in Figure 7.4 and Figure 7.5 show both catalysts exhibit small average 
particle size with narrow particle size distribution. The average particle sizes of both 
catalysts are also smaller than that of Pt/gCNM (8.0 nm). This could be attributed to the 
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fact that the metal loading is lower, which means that there less particle per surface area 
of support, and the particles are further away from each other, and thus reducing the 
likelihood of particle migration and coalescence. 
However,  Pt  particles  on  PTI-Li
+Cl
-  are  more  dispersed  than  on  B-gCNM.  Since 
[PtCl6]
2- is used as a precursor for Pt deposition, it may not be deposited efficiently due 
to the presence of boron, which is electron deficient. Reducing the boron content or 
using  a  Pt  cation  precursor,  depending  on  the  composition  of  the  material,  could 
improve the particle dispersion 
 
Figure 7.4. (a) HR-TEM image and (b) particle size distribution of Pt/PTI-Li
+Cl
- 
 
Figure 7.5. (a) HR-TEM image and (b) particle size distribution of Pt/B-gCNM 
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Table 7.1: The average particle and crystallite size of supported Pt catalysts. 
a) Estimated from 
TEM image based on the average of 100 particles; 
b) Calculated from 111 signal widths of XRD 
using the Scherrer equation. 
 
Particle size
a) 
(nm) 
Crystallite size
b) 
(nm) 
Pt/PTI-Li
+Cl
-  6.4  5.8 
Pt/B-gCNM  4.2  3.3 
 
7.3.3   Durability Studies 
The durability of the modified graphitic carbon nitride materials were investigated in 
comparison  to  unmodified  polymeric  carbon  nitride  (gCNM).  The  change  in 
capacitance as a result of carbon corrosion is shown in Figure 7.6. Both PTI-Li
+Cl
- and 
B-gCNM have significantly higher degree of tolerance compared to gCNM. As PTI-
Li
+Cl
- has a higher degree of crystallinity, it is expected to exhibit higher tolerance 
towards carbon corrosion.
40 Despite the higher surface area of B-gCNM, it exhibits the 
highest durability. In addition to the terminal and bridging NH- groups, boron also acts 
as a Lewis acid on the surface which appears to reduce the electron density on carbon 
atoms, thus suppressing oxygen chemisorption. In addition, boron forms a protective 
layer of boron oxides on the surface, which further reinforces the inhibiting effect on 
corrosion.
307-309  
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Figure 7.6. Change in double-layer capacitance (at 0.40 V) of the graphitic carbon nitride 
materials as a result of accelerated carbon corrosion cycling. 
The durability of the materials in the presence of Pt nanoparticles was evaluated using 
the same accelerated protocol, with CV and ECSA recorded at regular intervals as part 
of  the  diagnostic.  The  results  are  summarized  in  Table  7.2.  Pt/B-gCNM  has  a 
significantly  lower  initial  ECSA  compared  to  Pt/gCNM  and  Pt/PTI-Li
+Cl
-.  This  is 
attributed to the lower degree of particle dispersion and larger particle size, as shown in 
Figure 7.4(b). Pt/PTI-Li
+Cl
- has the highest initial ECSA, twice larger than that for 
Pt/gCNM. In addition to the small particle size and enhanced particle dispersion, PTI-
Li
+Cl
- is more soluble in 70% IPA, owing to the presence of Li
+ and Cl
-, resulting in 
well-dispersed catalyst ink and better quality electrode. 
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Table 7.2. The ECSA of supported Pt electrocatalysts before and after the accelerated carbon 
corrosion cycling (2000 cycles). 
  Initial 
ECSA 
(m
2 g
-1) 
Final ECSA 
(m
2 g
-1) 
ECSA 
loss 
(%) 
Pt/gCNM  7.2  1.8  75.6 
Pt/PTI-Li
+Cl
-  15.9  12.8  19.3 
Pt/B-gCNM  1.9  0  100 
 
Figure 7.7 shows the corrosion behaviour of the catalysed graphitic carbon nitrides as a 
result of accelerated stress-cycling. At the end of the 2000 cycles, Pt/B-gCNM displays 
the least tolerance with 100% ECSA loss, despite B-gCNM being the most durable. 
Pt/PTI-Li
+Cl
- exhibits the highest durability at only 19.3% ECSA loss, which is even 
higher than the durability of commercial Pt/Vulcan (36.3% ECSA loss). From this result, 
it is also observed that graphitic carbon nitride supported Pt catalysts with higher initial 
ECSA exhibit higher electrochemical durability, indicating there is a link between good 
metal-support  interaction  and  durability.  Support  material  that  provides  strong 
adsorption and anchoring sites for the Pt nanoparticles will increase particle dispersion 
and limit dissolution and agglomeration processes during the accelerated test.
186  
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Figure  7.7.  The  change  in  ECSA  (calculated  from  hydrogen  adsorption/desorption)  of  the 
supported Pt electrocatalsysts as a result of accelerated carbon corrosion cycling. 
7.3.4  Post-mortem analysis 
In order to study the degradation mechanism, post-mortem analysis was conducted to 
examine the changes in morphology after the AST test. TEM images in Figure 7.8 show 
significant agglomeration for Pt/gCNM and Pt/PTI-Li
+Cl
-. Supported Pt nanoparticles 
can migrate and sinter together to form agglomerates due to a reduction in the surface 
area of carbon support as a result of carbon corrosion. The distance between particles 
also  play  a  role,  smaller  distance  encourages  particle  coalescence  since  shorter 
travelling  is  required to establish  contact.  Even though  gCNM and PTI-Li
+Cl
- have 
graphitic structure and are more corrosion tolerant than commercial Vulcan carbon, they 
have smaller specific surface areas. This means that the same Pt metal loading on the 
support  leads  to  catalysts  with  particles  in  close  proximity  with  each  other,  which 
enhances agglomeration and coalescence.
238  
On the other hand, there are no metal particles seen on the post-mortem TEM image of 
Pt/B-gCNM following the AST test. It is not clear whether carbon support detaches 
along with Pt particles – further studies involving EDX to verify Pt:C elemental ratios 
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before and after AST testing or in-situ TEM analysis would be valuable. However, as 
shown in the previous section, B-gCNM is highly tolerant towards carbon corrosion, 
indicating  that  Pt  dissolution  is  likely  to  be  the  main  degradation  mode  and  the 
interaction between Pt metal and B-gCNM is not as strong as initially thought. 
 
Figure 7.8. Pre and post-AST TEM images for (a) Pt/gCNM, (b) Pt/PTI-Li
+Cl
-, and (c) Pt/B-
gCNM. 
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7.3.5  Electrocatalytic activity 
The  catalytic  activities  of  graphitic  carbon  nitride  supported  Pt  catalysts  were 
investigated in 1 M methanol + 0.1 M HClO4 solution at 25
oC, as shown in Figure 7.9. 
The current density is normalised to the ECSA of each respective material due to the 
differences in ECSA. The results are summarized on Table 7.3. All catalysts display 
similar MOR overpotential; however, Pt/PTI-Li
+Cl
- exhibits significant improvement in 
MOR peak current density in comparison to Pt/gCNM. This can be attributed to the 
higher ECSA of Pt/PTI-Li
+Cl
-. By contrast, even though Pt/B-gCNM has the lowest 
ECSA, it exhibits the highest peak current density compared to all catalysts.  
 
Figure 7.9. Methanol oxidation reaction of supported Pt electrocatalysts in 1 M CH3OH + 0.1 
M HClO4 at 25°C with a scan rate of 2 mV s
-1. 
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It has been suggested that the presence of nitrogen on/within the support material could 
lead to intrinsic MOR catalytic enhancement.
182, 185 As mentioned in Section 7.3.3, the 
presence of boron redistributes the π electrons on the carbon support, and consequently 
suppresses O2 chemisorption. A similar behaviour would be expected in the case of B-
doped  carbon  nitride.  However,  this  same  phenomenon  is  also  responsible  for  a 
catalytic  effect  of  CO  and  CO2  desorption,  which  are  poisoning  intermediates  in 
MOR.
308 The net effect is a complex balance between boron content and distribution. 
Further  work  is  needed  to  optimise  the  particle  dispersion  and  ECSA  on  graphitic 
carbon nitride. Moreover, each of the graphitic carbon nitride materials has different 
structural properties and therefore would require a different synthesis approach. 
Table  7.3:  The  methanol oxidation  peak  potential  (Epeak)  and  maximum  methanol oxidation 
reaction current density (jmax) of supported Pt electrocatalysts in 1 M CH3OH + 0.1 M HClO4 at 
25°C. 
  Epeak  
[V] 
jmax  
[mA cm
-2
ECSA] 
Pt/gCNM  0.850  3.21 
Pt/PTI-Li
+Cl
-  0.842  174 
Pt/B-gCNM  0.858  209 
7.4  Conclusions 
For the first time, modified graphitic carbon nitrides (highly crystalline PTI-Li
+Cl
- and 
B-doped gCNM) were tested as catalyst support materials for  PEMFCs. The results 
show  that  all  graphitic  carbon  nitride  materials  prepared  in  this  study  exhibit 
significantly improved durability compared to commercial carbon black (Vulcan XC-
72R) and therefore,  are promising catalyst  support materials  for PEFC applications. 
Interestingly, B-gCNM and PTI/Li
+Cl
- exhibit the highest stability. As shown on the X-
ray  diffraction  patterns,  B-gCNM  and  PTI/Li
+Cl
-  are  more  crystalline  than  gCNM, 
suggesting that crystallinity may play an important role in the stability of the material 
against carbon corrosion. This also suggests that the presence of dopants such as boron 
in B-gCNM, and Li
+ and Cl
- in PTI/Li
+Cl
- may enhance the stability of the support 
materials. 
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The  durability  of  graphitic  carbon  nitride  supported  Pt  electrocatalysts  is  highly 
dependent on the initial ECSA. The Pt/B-gCNM, with the lowest ECSA of all carbon 
nitride supported catalyst exhibits the lowest durability with a loss of 100% after 2000 
cycles, despite the high corrosion tolerance of B-gCNM. The Pt/PTI-Li
+Cl
- has the best 
durability of all Pt-supported catalyst with an ECSA loss of only 19% after 2000 scans. 
This value is even lower than Pt/Vulcan with an ECSA loss of 36%. The performance 
of PTI-Li
+Cl
- is highly encouraging and worthy of further investigation. 
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Chapter 8 
8  Conclusions and Future Work 
Electrochemical energy conversion devices, such as the PEMFC, have the potential to 
reduce greenhouse gas  emissions. However, significant work is required to improve 
their performance and durability, as well as reducing the overall cost, before large-scale 
commercialisations can be achieved. The catalyst presents the highest potential for cost 
reduction due to the current use of expensive Pt, and to extend durability due to the 
various  degradation  mechanisms  that  occur  in  the  electrodes.  This  work  aims  to 
improve fuel cell electrodes via two parallel routes: 
1.  The development of PdIr as anode electrocatalyst. Previous work on Pd-based 
alloys has shown that electronic properties of PdIr alloy could be fine-tuned by 
altering the compositions. In this work, a 1:1 ratio of PdIr is expected to have an 
optimum d-band vacancy and a maximum HOR activity. The activity of PdIr 
electrocatalyst  was  investigated  via  in-situ  and  ex-situ  characterization 
techniques, and compared to a commercially available Pt catalyst. 
2.  The  development  of  graphitic  carbon  nitride  as  alternative,  low-cost,  and 
durable  catalyst  supports.  For  the  first  time,  three  different  graphitic  carbon 
nitride materials were characterized for their potential as catalyst support in fuel 
cells. The graphitic structure of the materials is expected to offer significant 
enhancement  in  durability.  Based  on  previous  work  in  the  literature,  the 
presence  of  nitrogen  in  materials  is  also  expected  to  offer  enhancement  in 
durability and activity, especially for ORR and MOR 
Chapter 4 and 5 describes the work on PdIr electrocatalysts. PdIr catalyst was prepared 
from a low temperature chemical precipitation method. Preliminary results from ex-situ 
tests found that the ECSA of PdIr is very low, due to the presence of agglomeration in 
the sample. Nevertheless, the HOR activity of PdIr was found to be comparable to that 
of Pt. CO-tolerance was found to be in the order of PtRu > PdIr > Pt. However, the 
active sites of PdIr are not 100% poisoned by CO, which may offer enhanced tolerance. 
MOR voltammetry tests show that even though the addition of Ir improves the activity 
of Pd, the activity is worse than PtRu and Pt. Under ex-situ AST protocol, PdIr was  
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found to have similar durability to Pt, with carbon corrosion as the main degradation 
mode. 
In-situ single-cell PEMFC testing using PdIr on the anode was compared to commercial 
Pt and PtRu. Contrary to the findings of the ex-situ study, HOR activity of PdIr was 
found  to  be  worse  than  Pt  and  PtRu.  This  was  attributed  to  the  presence  of 
agglomeration,  which  reduced  the  formation  of  TPB  during  MEA  fabrication. 
Improvements to the morphology and ECSA of PdIr catalyst were achieved by pre-
treating the carbon support and reducing the metal loading on the carbon. The optimised 
PdIr catalyst was found to have higher ECSA and EIS studies reveal a decrease in anode 
charge  transfer  resistance  compared  to  the  unoptimised  catalyst.  However,  the 
performance is still lower than that of commercial Pt. Further optimisation in terms of 
ECSA, catalyst layer design and MEA preparation route is needed to achieve similar 
performance to that of Pt. 
In-situ  CO  tolerance  tests  suggest  that  ECSA  plays  an  important  role  in  the  CO 
tolerance of PdIr catalyst. The unoptimised PdIr exhibited poor performance due to its 
low  ECSA.  However,  PdIr  with  improved  ECSA  was  found  to  have  higher  CO 
tolerance than Pt and PtRu at low CO concentrations (below 50 ppm CO), but worse at 
higher concentrations. The results suggest that the available unpoisoned surface area 
was not sufficient to maintain the reaction at high CO concentrations. Nevertheless, this 
also implies that PdIr catalyst could replace Pt or PtRu in certain applications where 
small concentrations of CO are present. 
In terms of further work, a long-term in-situ durability testing, combined with post-
mortem analysis, would be useful to verify the ex-situ results. Further enhancement in 
CO tolerance could be achieved by the addition of a third element, Ru. However, the 
balance between activity and durability needs to be weighed in the design of the new 
catalyst. 
The  work  on  graphitic  carbon  nitride  materials  are  described  in  Chapter  6  and  7. 
Polymeric  carbon  nitride  (gCNM)  was  synthesised  via  a  simple  polycondensation 
method and characterised. Although the use of  gCNM as  catalyst  support  has  been 
reported  in  the  literature,  there  are  no  further  studies  to  explore  its  durability  and 
intrinsic catalytic capacity in the same system. Following AST protocol, gCNM was  
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found to be more stable than a conventional carbon black (Vulcan). However, Pt/gCNM 
exhibits a larger ECSA loss compared to Pt/Vulcan. Superior MOR and ORR activity is 
observed for Pt/gCNM on the basis of the catalyst ECSA, indicating that gCNM also 
acts as a co-catalyst.  
An attempt was made to reduce Pt particle size and improve particle dispersion on 
gCNM. It was shown that protonating the gCNM in acid improves the solubility as well 
as catalyst utilisation. For future work, a combination of exfoliation and protonation as a 
pre-treatment route for gCNM is proposed. 
Modified graphitic carbon nitride (highly crystalline PTI-Li
+Cl
- and B-doped gCNM) 
were  prepared  and  tested  as  catalyst  support  materials  for  PEMFCs.  Currently,  no 
studies exist in the literature on the use of both materials in electrocatalysis. The results 
show that both materials exhibit significantly improved durability compared to gCNM 
and Vulcan, possibly due to enhanced crystallinity in the structure. The  presence of 
dopants such as boron in B-gCNM, and Li
+ and Cl
- in PTI/Li
+Cl
- may also contribute to 
the enhanced stability. 
It was found that the durability of graphitic carbon nitride supported Pt electrocatalysts 
may be dependent on the initial ECSA. The Pt/B-gCNM, which has the lowest ECSA, 
exhibits the lowest durability with a complete loss of surface area at the end of AST 
cycles. On the other hand, Pt/PTI-Li
+Cl
- which has the highest ECSA, has the highest 
durability with only 19% ECSA loss. This value is even lower than Pt/Vulcan with an 
ECSA loss of 36%. The performance of PTI/Li
+Cl
- is highly encouraging and worthy of 
further investigations, such as further ECSA and morphological optimization as well as 
in-situ testing. 
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